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SECTION  I  INTRODUCTION  AND  OVERALL  OBJECTIVES 

Introduction  to  transformation  weakening  of  interfaces 

The  concept  of  "phase  transformation  weakening"  introduced  by 
Professor  Kriven  has  led  to  the  search  for  a  displacive  or  martensitic  phase 
transformation  with  a  negative  volume  change  or  large  shape  change  at 
fiber/ matrix  or  laminate /matrix  interfaces  (see  Table  1).  Several  materials  are 
considered  to  be  promising  candidates  as  "phase  transformation  weakeners". 
Preliminary  studies  have  been  conducted  on  enstatite  (MgO.  Si02  or  MgSi03), 
which  is  accompanied  by  a  5.5  %  volume  contraction  on  transformation.  In 
applying  such  a  phase  transformation,  a  distinction  is  drawn  between  a 
thermally  induced  transformation  and  a  shear  stress  induced  transformation. 
Figure  1  illustrates  a  mechanism  for  shear  stress  induced  weakening  of  an 
interface  and  thereby,  overall  toughening  of  a  composite.  The  difference 
between  a  shear  induced  mechanism  and  a  thermally  induced  one  is  that  in 
the  latter,  all  the  interfacial  grains  have  already  been  transformed  prior  to 
crack  approach. 


FIBER 


Fig.  1  Schematic  diagram  illustrating  "transformation  weakening  of  ceramic 
interphases"  leading  to  overall  toughening  of  a  ceramic  matrix  composite.  In 
thermally  induced  transformations,  all  interphases  are  pre-transformed  before 
the  approach  of  a  crack  with  some  consequent  loss  of  overall  strength  of  the 
material.  In  the  ideal  shear-stress  induced  case,  an  on-coming  crack  induces  a 
transformation  in  is  immediate  environment,  with  strength  only  minimally 
reduced  throughout  the  bulk.  Maximum  toughening  is  achieved  since  the 
propagating  crack  need  to  do  work  to  overcome  the  nucleation  barrier  and  cause 
transformation,  and  onset  of  the  other  synergistic  toughening  mechanisms 
occurs. 

Thus,  fiber  /  matrix  interfaces  in  ceramic  matrix  composites  must  be 
sufficiently  strong  to  provide  for  mechanical  integrity  of  the  composites,  but 
also  weak  enough  to  prevent  transition  of  cracks  from  matrix  to  fibers.  This 
project  explores  a  fundamentally  new  concept  of  a  "variable-strength" 


interface,  viz.,  one  that  is  strong  when  no  cracks  are  present,  but  suddenly 
weakens  and  arrests  the  propagation  of  a  crack  when  it  arrives  near  such  an 
interface.  The  effect  is  produced  by  coating  ceramic  fibers  with  a  thin  layer  of  a 
ceramic  material  capable  of  quick,  stress-induced  transformation  with  a 
negative  volume  change  and/or  a  large  unit  cell  shape  change. 

Overall  Objectives 

Thus,  the  objective  of  this  work  was  to  investigate  a  novel  concept  for 
developing  superior  fiber-matrix  interfaces  in  ceramic  matrix  composites  by 
utilizing  the  "transformation  weakening  effect."  Since  many  of  the 
transformable  phases  are  oxides,  this  work  opens  the  door  to  high 
temperature,  oxidation  resistant  composites.  The  proposed  transformation 
weakening  mechanism  for  toughening  of  fiber-reinforced,  oxide,  ceramic 
composites  is  illustrated  in  Fig.  1. 

In  this  work  the  concept  would  be  tested  on  model  laminate  systems, 
using  processing,  mechanical  evaluaiton  and  microstructure  characterization 
techniques  of  XRD,  SEM,  TEM,  HVEM  ,  to  measure  the  amount  of 
transformed  material. 


SECTION  2.  ACCOMPLISHMENTS 

The  main  accomplishments  of  this  work  have  been  written  up  and 
submitted  for  publication.  They  are  presented  in  Section  9  of  this  report  as 
reprints  and  preprints. 
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Abstract 

A  chemically  stabilized  p-cristobalite,  which  shows  phase  transformation 
weakening  behavior,  was  prepared  by  a  solution-polymerization  route  employing  PVA 
solution  as  an  organic  carrier.  Ca^^  and  Al^^  cations  were  used  as  the  stabilizers.  An 
amorphous-type  cristobalite  powder  with  an  average  particle  size  of  0.3  p.m  and  BET 
specific  surface  area  of  80  m^/g  was  prepared  by  a  ball-milling  for  12  h  after  calcination  at 
750  °C  for  1  h. 

The  cubic(P)-to-tetragonal(a)  phase  transformation  in  polycrystalline  p-cristobalite 
was  induced  at  «180  °C  on  cooling.  Like  other  materials  exhibiting  transformation 
toughening,  a  critical  size  effect  controlled  the  p-to-a  transformation.  The  grain  size  was 
controlled  by  varying  the  annealing  time  at  1300  “C.  Pellets,  both  densified  under  hot 
pressing  or  under  pressureless  sintering  conditions,  had  some  cracks  in  the  internal  texture 
after  annealing.  The  cracks  occurred  spontaneously  during  the  cooling  process,  and  were 
observed  in  samples  with  an  average  grain  size  of  5  pm  or  above.  In  the  case  of  the  hot- 
pressed  sample,  extensive  cracking  was  observed  after  annealing  times  of  30  h  or  more. 
During  annealing,  a  higher  initial  grain  growth  rate  was  observed  in  the  case  of  hot-pressed 
samples  than  in  the  case  of  pressureless-sintered  samples.  Shear  stress-induced 
transformation  was  also  observed  on  grinding  the  specimens.  An  increase  of  about  13 
vol%  a-cristobalite  by  stress-induced  transformation  was  measured  in  hot-pressed 
specimens  after  12  h  annealing. 


*  Members,  The  American  Ceramic  Society. 


I.  Introduction 


In  the  search  for  ceramic  composite  materials  which  are  tough  or  exhibit  ‘‘graceful 
failure,”  it  is  now  well  established  that  toughening  results  from  debonding  at  an  interface 
between  a  matrix  and  a  reinforcing  phase/’^  The  latter  can  take  the  form  of  fibers  and 
weaves,  second  phase  particulates  or  platelets,  or  the  composite  may  have  a  laminated 
structure  with  a  weak  interphase.^"^  Interfacial  debonding  is  a  crucial  step  leading  to  crack 
energy  dissipation,  such  as  frictional  sliding  at  the  interface  with  a  resulting  load  transfer  to 
the  reinforcing  fibers. 

A  new  concept  of  “phase  transformation  weakening”  of  an  interfacial  interphase  has 
recently  been  introduced.*  It  proposes  that  debonding  between  a  matrix  and 
reinforcement  can  be  achieved  by  inducing  a  displacive,  crystallographic  phase 
transformation,  which  is  accompanied  by  a  negative  volume  and/or  unit  cell  shape  change, 
and  which  can  cause  tensile  or  shear  stresses  and  possibly  microcracking  in  the  interphase. 
The  associated  energy  dissipative  mechanisms  and  debonding  result  in  an  overall  increase 
in  the  toughness  of  the  bulk  composite,  p-cristobalite  (Si02)  has  been  chosen  as  a  low 
temperature  model  system  in  which  to  study  the  transformation  weakening  effect. 

P-cristobalite  is  a  high  temperature,  low  pressure  polymorph  of  silica  (Si02)  in 
which  the  Si04  tetrahedra  are  arranged  in  a  diamond-like  lattice  with  shared  comers.”  The 
P-cristobalite  has  cubic  symmetry  while  a  is  tetragonal.  The  fully  expanded,  high 
temperature,  p  stmcture  undergoes  a  reversible  displacive  transformation  to  a  collapsed  a 
structure  on  cooling  at  265  °C.  This  is  accompanied  by  a  volume  decrease  of 
approximately  3.2%.^^’^^  The  temperature  of  the  a  p  inversion  in  cristobalite  is  variable 
and  depends  on  the  crystal  stmcture  of  the  starting  material.^^’^"*  In  order  to  stabilize  the  P- 
cristobalite  down  to  room  temperature,  it  can  be  chemically  doped  with  “stuffing  ’ 
cations.^^’^®  In  particular,  in  the  Ca0-Al203-Si02  system,  the  molar  ratio  of  calcium  oxide 
to  alumina  is  one  in  which  aluminum  occupies  a  silicon  tetrahedral  site,  while  the  calcium 
ion  occupies  all  the  interstitial  non-framework  sites.^’”^  The  presence  of  foreign  ions  in 
the  interstices  presumably  inhibits  the  contraction  of  the  structure,  which  would  normally 
occur  during  the  a  P  cristobalite  transformation.  The  chemically  stabilized  cristobalite 
containing  CaO  and  AI2O3  as  dopants  has  cubic  rather  than  tetragonal  symmetry. 

A  critical  particle  size  effect  is  believed  to  control  the  P  to  a  transformation  in  the 
metastable  P-cristobalite,  by  analogy  with  the  onset  of  nucleation  in  zirconia  (ZrOi)"*^  and  in 
some  other  silicates.^”^^  In  general  a  large  particle  size  favors  the  spontaneous  formation 
of  low  temperature  phase  on  cooling,  whereas  a  small  particle  size  stabilizes  the  high 
temperature  phase  even  at  ambient  temperatures.  Thus,  a  critical  particle  size  exists  for  a 


given  transformation,  which  depends  on  densification  temperature  and  annealing  time.  In 
practice  it  is  an  important  factor  in  controlling  the  transformation  weakening  behavior. 

In  this  work  it  was  proposed  to  synthesize  the  chemically  stabilized  cristobalite 
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powder  by  a  solution-polymerization  technique  developed  in  our  laboratory.  Nitrate 
salts  of  cations  are  dissolved  in  aqueous  solutions  containing  an  organic  stearic  entrapping 
agent  such  as  polyvinyl  alcohol  (-[CH2CHOEI]n-  or  PVA).  Subsequent  polymerization  and 
organic  burnout  yields  a  high  purity,  chemically  homogeneous  oxide  powder  without  the 
use  of  expensive  and  unstable  alkoxides.  The  extremely  high  specific  surface  area  and 
sometimes  nano  size  crystallites  result  in  a  highly  reactive  and  readily  sinterable, 
stoichiometric  powder.  The  non-chelating  PVA  polymer  consists  of  large  chain  molecules 
containing  hydroxyl  functional  groups.^^  By  using  a  molar  ratio  of  cations  to  functional 
groups  of  approximately  4  : 1,  homogeneous  stearic  entrapment  of  metal  ions  is  achieved  in 
these  powders. 

The  aim  of  this  study  was  to  prepare  a  fine  p-cristobalite  powder  of  precisely  doped 
composition  by  the  PVA  solution-polymerization  route.  It  was  desired  to  determine  the 
critical  grain  size  for  the  p  to  ct  phase  transformation  in  cristobalite,  by  studying  the  effect 
of  densification  temperature  during  sintering  or  hot  pressing,  as  well  as  annealing  time. 
The  transformation  behavior  would  be  evaluated  by  X-ray  diffractometry  (XRD)  as  well  as 
scanning  and  transmission  electron  microscopy  (SEM/TEM). 

II.  Experimental  Procedure 

1)  Powder  Preparation  and  Sintering  Process 

A  clear  sol  was  prepared  from  Ludox  AS-40  colloidal  silica  (40  wt%  suspension  in 
water,  Du  Pont  Chemicals,  Wilmington,  DE);  A1(N03)3-9H20  (reagent  grade,  Aldrich 
Chemical  Co.,  Milwaukee,  WI)  and  Ca(N03)2’4H20  (reagent  grade,  Aldrich  Chemical 
Co.,  Milwaukee,  WI)  in  proportions  to  form  a  final  composition  of  CaO  :  2  AI2O3  :  80 
Si022*’^^  After  dissolving  these  reagents  in  DI  water,  the  organic  carrier,  PVA  solution, 
was  added  and  the  mixture  was  heated.  The  PVA  solution  was  prepared  from  5  wt%  PVA 
(degree  of  polymerization-1700,  Air  Products  and  Chemicals,  Inc.,  Allentown,  PA) 
dissolved  in  water.  The  proportions  of  the  PVA  to  cation  sources  in  the  solution  were 
adjusted  in  such  a  way  that  there  were  4  times  more  positively  charged  valences  from  the 
cations  than  the  negatively  charged  functional  ends  of  the  organics.^"*  As  the  viscosity 
increased  by  evaporation  of  water,  the  mixture  was  vigorously  stirred.  The  remaining  water 
was  then  dried,  converting  the  gel  into  a  solid.  Finally,  the  precursor  was  finely  ground 
and  calcined  at  750  °C  for  Ih.  The  calcined  powder  was  ball  milled  with  zirconia  media  for 


12  h.  Iso-propyl  alcohol  was  used  as  a  solvent  for  milling.  The  ball-milled  powder  was 
uniaxially  pressed  at  20  MPa  followed  by  iso-static  pressing  at  170  MPa  for  10  min.  The 
pellet-shaped  green  compacts  were  either  pressureless  sintered  in  an  air  atmosphere  at  1350 
°C  for  1  h,  or  hot  pressed  at  1200  °C  for  1  h  under  28  MPa  pressure  in  an  Ar  atmosphere. 
In  both  cases  the  furnace  was  cooled  down  to  room  temperature.  After  sintering,  each 
sample  was  subjected  to  annealing  at  1300  °C  for  various  times.  Some  stress-induced 
transformation  was  achieved  by  grinding  the  annealed  specimens  on  a  #800  mesh  SiC 
paper. 

2)  Characterization 

(A)  Thermal  Analysis  :  The  pyrolysis  and  decomposition  behavior  of  crushed  precursor 
were  monitored  by  simultaneous  differential  scanning  calorimetry  and  thermogravimetric 
analysis  (DSC/TGA)  (Model  STA409,  Netzsch  GmbH,  Selb,  Germany)  up  to  1200  °C  at 
a  heating  rate  of  10  °C/  min,  in  an  air  atmosphere. 

(B)  Particle  Size  Distribution  Analyses  :  The  particle  size  distribution  of  calcined  or  ball- 
milled  powders  were  examined  by  X-ray  absorption  spectrometry  (Sedigraph  Model 
5000E,  Micromeritics).  The  powders  were  suspended  in  a  calibrated  dispersion  liquid. 
The  suspensions  were  ultrasonicated  for  3  min  before  analysis. 

(C)  Specific  Surface  Area  Measurement :  The  specific  surface  area  between  the  calcined 
powder  and  ball-milled  powder  was  compared  by  nitrogen  gas  absorption  (Model  ASAP 
2400,  Micromeritics,  Norcross,  GA). 

(D)  Average  Grain  Size  Measurement :  The  average  grain  size  of  sintered  cristobalite  after 
annealing  was  analyzed  according  to  the  Jeffries-Salty kov  method. 

(E)  X-ray  Diffraction  Analysis  :  The  phase  change  between  a  and  ^-cristobalite  was 

studied  as  a  function  of  heating  temperature  and  annealing  time  using  a  Rigaku 
spectrometer  (DMax  automated  powder  diffractometer,  RigakuAJSA,  Danvers,  MA)  with 
CuKa  radiation  (40  kV,  40  mA).  The  relative  ratios  of  a  and  p-cristobalite  phases  were 
determined  by  integrating  the  X-ray  peak  areas  of  (102)  of  a-cristobalite  and  (222)  of  (3- 
cristobalite  by  the  equation: 

Va  =  I(102)a  /  I(222)p  +  I(102)a 

in  which,  Va  was  volume  fraction  of  a-cristobalite,  I(102)a  and  I(222)p  were  peak 
intensity  of  (102)a  and  (222)p  respectively. 

(F)  Relative  Density  Measurement :  The  density  for  the  sintered  specimens  was  estimated 
by  the  Archimedes  method  using  distilled  water  as  a  displacement  liquid.  The  relative 
density  of  each  specimen  was  calculated  from  density  of  the  a  and  p-cristobalite  (2.33 
g/cm3  and  2.26  g/cm^,  respectively)  as  a  theoretical  density  at  a  given  volume  ratio. 


(G)  Thermal  Expansion  Behavior  :  The  thermal  expansion  behavior  of  sintered 
polycrystalline  cristobalite  samples  was  determined  with  a  recording  dilatometer  (Netzsch 
Dilatometer,  402E,  Germany)  up  to  1100  °C  at  a  heating  rate  of  5  °C/min. 

(H)  Electron  Microscopy  :  The  powder  morphology  and  microstructure  of  sintered 
cristobalite  were  examined  by  scanning  electron  microscopy  (SEM)  (ISI  DS-130, 
International  Scientific  Instruments,  Santa  Clara,  CA).  To  observe  grain  size  and  cracking, 
polished  and  annealed  samples  were  chemically  etched  in  boiling  phosphoric  acid  for  30 
sec.  The  grain  morphology  and  selected  area  diffraction  patterns  were  examined  by 
transmission  electron  microscopy  (TEM)  (Philips  EM-420,  Philips  instruments,  Inc., 
Mahwah,  NJ).  The  TEM  specimens  were  prepared  by  standard  ceramic  polishing, 
dimpling  and  ion-milling  techniques. 

III.  Results 

Fig.  1  shows  the  DSC  and  TGA  results  for  a  chemically  stabilized  cristobalite 
precursor.  The  thermal  analysis  revealed  that  the  precursor  underwent  a  three  step  weight 
loss  process.  The  first  weight  loss  was  observed  in  the  temperature  range  up  to  170  °C, 
which  may  be  associated  with  loss  of  water  and  NOx  compounds.  A  corresponding 
exotherm  was  observed  in  the  DSC  curve.  The  second  major  weight  loss  in  TGA  with  a 
corresponding  exotherm  in  the  DSC  curve  occurred  between  300  °C  and  450  °C.  The 
weight  loss  above  300  °C  was  due  to  the  removal  of  the  carbon  formed  during 
decomposition  and  pyrolysis  process.  After  two  exothermic  peaks,  the  weight  loss 
diminished  gradually  until  650  ®C.  There  was  no  further  weight  loss  after  700  “C.  A  small 
exothermic  peak,  which  was  associated  with  crystallization,  was  detected  at  around  1050 
°C.  The  ball-milling  process  for  producing  a  fine  and  homogeneous  particle  size  was 
performed  after  calcination.^^  The  calcination  temperature  of  750  °C  was  determined  to  lie 
between  600  ®C,  the  highest  temperature  required  for  polymer  burnout,  and  1050  "C,  the 
crystallization  onset  temperature.  Fig.  2  displays  the  particle  size  distributions  and  SEM 
powder  morphologies  for  the  powders  calcined  at  750  °C  for  1  h  or  ball  milled  for  12  h 
after  calcination.  The  calcined  powder  had  a  wide  particle  size  distribution  in  the  range 
from  80  pm  to  5  pm  and  were  of  soft  and  irregular  shape  with  sharp  corners  and  edges. 
However,  the  ball-milled  powder  had  a  quite  narrow  particle  size  distribution  with  porous 
agglomerates  and  small  particles  of  approximately  0. 1-0.4  pm  in  size.  The  calcined 
powder  had  a  BET  specific  surface  area  of  25  m^/g.  The  high  specific  surface  area  from 
the  large  particle  size  meant  that  the  calcined  powder  was  very  porous.  The  ball-milled 
powder  had  a  specific  surface  area  of  80  mVg. 


Room  temperature  XRD  spectra  following  the  development  of  crystalline  phases  of 
the  calcined  powders  at  various  heating  temperatures  are  shown  in  Fig.  3.  An  amorphous 
phase  was  observed  at  1000  °C.  Above  1100  °C,  the  P-cristobalite  crystalline  phase  was 
detected  and  p-cristobalite  peaks  were  developed  almost  completely  at  1200  °C.  With 
increasing  temperature  the  amount  of  a-cristobalite  phase  increased  gradually,  while  the 
amount  of  |3-cristobalite  decreased.  At  1450  °C,  p-cristobalite  still  remained  as  a  minor 
phase  in  the  a-cristobalite  matrix.  Dilatometry  curves  for  the  stabilized  cristobalite  are 
shown  in  Fig.  4.  The  a  p  transformation  occurred  at  180  °C  on  heating  and  at  170  °C 
on  cooling.  The  transformation  temperature  was  lower  than  that  of  pure  cristobalite 
because  of  the  dopant  effect.^^  As  the  graphs  show,  the  thermal  expansion  coefficient  of  P- 
cristobalite  was  approximately  1.5  x  10‘^/°C  and  tended  to  decrease  on  heating.  A  change 
in  thermal  expansion  coefficient  was  observed  at  the  a  P  transformation  temperature. 
This  change  was  much  less  for  the  polycrystalline  cristobalite  sintered  at  1350  °C  than  the 
one  at  1450  °C.  The  difference  in  the  change  of  thermal  expansion  coefficient  was 
attributed  to  the  a-cristobalite  content.  In  the  case  of  the  polycrystalline  cristobalite  sintered 
at  1350  °C,  a-cristobalite  was  present  in  the  P-cristobalite  matrix  whereas,  for  the 
polycrystalline  cristobalite  sintered  at  1450  °C,  the  a-cristobalite  was  the  matrix  phase  (Fig. 

3). 

The  formation  of  a-cristobalite  on  cooling  was  affected  by  varying  the  grain  size. 
Spontaneous  transformation  from  p  phase  to  a  phase  occurred  at  larger  grain  sizes.  In 
contrast,  a  small  P-cristobalite  grain  size  stabilized  the  p  phase.  The  grain  size  of  the 
stabilized  P-cristobalite  was  controlled  by  annealing  time.  Fig.  5  shows  the  plot  of 
integrated  X-ray  peak  intensity  ratios  of  I(102)a  /  I(222)p  +  I(102)a  and  average  grain  sizes 
for  hot-pressed  or  pressureless-sintered  samples  as  a  function  of  annealing  time.  It  was 
impossible  to  compare  the  intensity  of  the  (111)  and  (220)  peaks  from  p-cristobalite  with 
the  (101)  and  (200)  peaks  from  a-cristobalite,  which  are  the  high  intensity  peaks  of  the 
cristobalite  system,  because  the  peaks  were  located  at  the  almost  the  same  20  value. 
Therefore,  the  relative  amount  of  a  and  p-cristobalite  phase  was  compared  from  the  relative 
intensity  of  (102)„  and  (222)p  peaks. 

In  general,  ratios  of  a/p-cristobalite  phases  and  the  average  grain  size  showed  an 
increase  with  increasing  annealing  time.  The  ratio  of  a/p  XRD  peak  intensity  and  average 
grain  size  for  the  pressureless-sintered  sample,  which  had  a  sintered  density  of  2.15  g/cm'^ 
(94%  relative  density)  at  0  annealing  time,  increased  very  gradually  for  annealing  times 
over  30  h.  The  average  grain  sizes  and  the  ratios  of  a/p  XRD  peak  intensity  at  30  h  and  50 
h  anealing  times  were  about  5  pm,  60  vol%,  and  5.6  pm,  63  vol  %,  respectively.  In  the 
case  of  the  hot-pressed  sample,  which  had  a  sintered  density  of  2.24  g/cm  (98%  relative 


density)  at  0  annealing  time,  grain  growth  occurred  at  a  faster  rate  than  the  pressureless- 
sintered  sample  during  the  first  12  h  of  annealing  time.  The  rate  of  grain  growth  decreased 
gradually  from  12  h  annealing  time  onwards.  In  contrast  to  the  pressureless-sintered 
sample,  the  ratio  of  a/p  XRD  peak  intensity  and  grain  growth  increased  till  the  annealing 
time  of  50  h.  Large  grain  sizes  of  about  8,5  (Am  at  an  annealing  time  of  50  h  resulted  in 
fragile  samples  having  extensive  cracks.  This  was  because  the  thermally-induced 
transformation  occurred  spontaneously  primarily  due  to  the  critical  size  effect.  The  sample 
annealed  for  50  h  showed  almost  80  vol%  a-cristobalite.  Fig.  6  is  an  SEM  micrograph  of 
a  shattered  cristobalite  sample  which  was  hot-pressed  and  annealed  for  50  h.  Thick  and 
extensive  cracks  rather  than  fine  microcracks  were  observed. 

The  polished  surface  micrographs  of  cristobalite  annealed  at  various  times  are 
shown  in  Figs.  7,  and  8.  The  microstructure  of  the  pressureless-sintered  sample  annealed 
for  12  h  (Fig.  7(b))  was  not  dense,  with  an  average  particle  size  of  3  (xm.  Longer 
annealing  times  (30  h)  increased  the  average  grain  size  to  about  5  pm.  However,  the  grain 
growth  occurred  inhomogeneously.  Some  small  grains  coexisted  with  large  grains  of  over 
5  pm  size  even  after  long  annealing  times  of  30  h.  The  coarse  microstructure  having 
numerous  micropores  showed  a  very  gradual  increase  in  the  ratio  of  a/p  XRD  peak 
intensity.  This  was  because  the  large  grains  increased  in  size  with  increasing  annealing 
time,  while  the  small-size  grains,  in  contrast,  did  not  grow  despite  long  annealing  times. 
About  40  vol%  P-cristobalite  was  found  in  the  matrix  after  annealing  for  30  h  (Fig.  5(a)). 
As  seen  in  Fig.  7(c)  some  cracking  was  induced  by  the  thermally-induced  transformation 
which  occurred  spontaneously  in  the  large-grain  sized  sample. 

The  hot-pressed  and  un-annealed  sample  had  a  smaller  grain  size  and  denser 
microstructure  than  did  the  pressureless-sintered  sample.  Hence,  the  grain  growth 
occurred  at  a  faster  rate  and  was  more  homogeneous  than  in  the  pressureless-sintered 
sample.  It  is  attributed  to  easier  mass  transportation  through  the  dense  microstructure 
during  the  annealing  process.  This  resulted  in  an  increase  in  the  ratio  of  a/p  XRD  peak 
intensity  up  to  a  50  h  annealing  time,  in  contrast  to  the  pressureless-sintered  sample  (Fig. 
5(b)).  Some  cracks  were  detected  in  the  microstructure  having  an  average  grain  size  of  5 
pm,  at  annealing  times  of  12  h.  The  hot-pressed  cristobalite  annealed  for  30  h  consisted  of 
about  72  %  a-cristobalite  as  shown  in  Fig.  5(b).  It  also  exhibited  cracks  in  the 
microstructure  having  an  average  grain  size  of  7  pm. 

The  transformation  of  p  to  a  cristobalite  was  susceptible  to  the  influence  of  stress. 
Shear  stress-induced  p-*a-cristobalite  conversion  for  annealed  and  ground  specimens  are 
compared  with  the  un-ground  specimens  at  various  annealing  times.  Fig.  9  displays  the 
result.  The  amount  of  stress-induced  a  phase  increased  with  increasing  annealing  time.  In 
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case  of  pressureless-sintered  cristobalite,  the  ratio  of  a/p  XRD  peak  intensity  for  ground 
specimens  was  slightly  higher  than  for  un-ground  specimens.  About  7  vol%  a-cristobalite 
was  increased  by  the  stress-induced  transformation  after  annealing  for  20  h.  In 
comparison,  the  hot-pressed  specimens  were  more  sensitive  to  shear  stress.  An  increase  of 
about  13  vol%  a-cristobalite  was  calculated  after  12  h  of  annealing  time.  In  contrast  to 
pressureless-sintered  specimens,  the  increase  in  the  amount  of  a-cristobalite  in  the  ground 
specimens  over  that  in  the  only  annealed  specimens,  decreased  with  increasing  annealing 
time  above  12  h.  This  may  be  attributed  to  the  fact  that  the  amount  of  p-cristobalite,  which 
can  be  transformed  by  stress,  was  decreased  by  the  thermally-induced  transformation 
which  occurred  in  the  over-sized  grains. 

Transmission  electron  microscopy  studies  examined  the  critical  size  effect  on  the 
phase  transformation  of  cristobalite.  Fig.  10  (a)  and  (b)  are  TEM  bright-field  micrographs 
of  a  and  p-cristobalite  grains  and  corresponding  SAD  patterns  for  the  hot-pressed  and 
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annealed  samples.  A  cubic  p-cristobalite  pattern  was  found  in  the  un-annealed  specimen.” 
The  specimen  annealed  for  12  h  showed  a  tetragonal  a-cristobalite  pattern  in  the  grain 
which  had  a  size  of  5  p,m  and  above. 

IV.  Discussion 

For  extensive  phase  transformation  it  is  necessary  to  have  uniform  grain  growth  for 
a  homogeneous  microstructure.  Therefore,  a  starting  powder  should  have  a  small  particle 
size  and  have  a  narrow  particle  size  distribution.  The  solution-polymerization  route 
employing  PVA  solution  was  quite  effective  in  achieving  a  fine  powder  for  chemically 
stabilized  cristobalite.  The  soft  and  porous  powder  obtained  after  calcination  at  750  °C 
made  it  easier  to  get  a  fine  powder  on  further  ball-milling  of  the  powder.  The  powder 
calcined  above  900  °C  started  becoming  harder  and  denser.  This  was  because  the  powder 
after  polymer  burnout  was  active  enough  to  be  densified  at  that  temperature.  If  during  the 
calcination  process,  powder  densification  was  initiated,  then  the  powder  could  not  be  ball 
milled  to  a  fine  particle  size.  The  particle  size  distribution  was  also  quite  narrow  in  this 
method.  However,  in  the  case  of  the  pressureless-sintered  specimen,  uniform  grain 
growth  did  not  occur  because  of  the  presence  of  pores  between  grains.  The  non-uniform 
grain  growth  resulted  in  only  localized  phase  transformation.  This  fact  was  demonstrated 
in  Fig.  5(a)  and  Fig.  7(c)  where  about  40  vol%  pressureless-sintered  (3-cristobalite  was 
retained  even  after  30  h  of  annealing.  This  was  because  the  smaller  grains  were  not 
affected  by  thermally-induced  transformation.  X-ray  analysis  of  the  calcined  powder 
heated  at  1450  °C  (Fig.  3)  still  showed  P  phase,  despite  the  high  enough  temperatures 
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needed  to  cause  thermally-induced  transformation.  This  is  also  attributed  to  the  presence  of 
particles  which  were  too  small  to  be  transformed.  Hot-pressing  was  very  effective  in 
controlling  the  porosity  and  a  relatively  uniform  grain  growth  was  possible  during  the 
annealing  process. 

Internal  cracks  were  formed  due  to  thermally-induced  transformation,  which 
spontaneously  occurred  on  cooling,  and  were  developed  from  an  average  grain  size  of  5 
pm.  Shear  stress-induced  transformation  during  grinding  also  depended  upon  the  grain 
size.  However,  the  pressureless-sintered  cristobalite  displayed  less  dependence  on  the 
grain  size  because  of  non-uniform  grain  growth  resulting  in  a  coarse  microstructure.  In 
order  to  use  the  chemically  stabilized  p -cristobalite  as  a  transformation  weakening 
mechanism,  more  extensive  shear  stress-induced  transformation  is  desirable.  For  that,  a 
homogeneous  microstructure  having  an  average  grain  size  of  4-5  pm  is  required.  The 
critical  size  of  4  pm  is  a  little  smaller  than  the  grain  size  of  5  pm  at  which  cracks  due  to 
thermally-induced  transformation  occurred  spontaneously. 

V.  Conclusions 

The  solution-pol5mierization  method  employing  PVA  solution  as  a  polymeric  carrier 
was  a  suitable  process  for  synthesizing  chemically  stabilized  P-cristobalite.  The 
amorphous-type  cristobalite  powder,  which  was  very  fine  and  had  a  relatively  narrow 
particle  size,  was  fabricated  by  ball-milling  the  soft  and  porous  calcined  powder. 

The  a/p-cristobalite  ratio  and  average  grain  size  of  annealed  p-cristobalite  increased 
with  increasing  annealing  time.  The  pressureless-sintered  polycrystalline  cristobalite 
experienced  non-uniform  grain  growth  during  the  annealing  process.  This  resulted  in 
inhomogeneous  microstructure  and  localized  phase  transformation.  The  hot-pressed 
cristobalite  had  a  denser  microstructure  and  more  extensive  phase  transformation  than  did 
the  pressureless-sintered  cristobalite.  The  intra-granular  cracks  were  produced  by 
thermally-induced  transformation  at  a  grain  size  of  5  pm  and  above. 

It  was  more  easy  to  shear  stress  induce  the  p— ♦a-cristobalite  conversion  in  the  hot- 
pressed  specimens  than  in  the  pressureless-sintered  specimens.  About  13  vol%  stress- 
induced  a -cristobalite  was  obtained  on  grinding  the  cristobalite,  which  had  been  hot- 
pressed  followed  by  annealing  for  12  h.  A  critical  grain  size  of  4-5  pm  can  be  considered 
to  be  suitable  for  phase  transformation  weakening  behavior  of  chemically  stabilized  P- 
cristobalite. 
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Figure  captions 


Figure  1.  Simultaneous  DSC ITGA  analysis  of  the  chemically  stabilized  ^-cristobalite 
precusor  containing  PVA  solution  as  a  organic  carrier. 

Figure  2.  Particle  size  distribution  of  the  amorphous-type  cristobalite  powders  and  SEM 
micrographs  of  the  powders  (a)  calcined  at  750  °C  for  1  h  and  (b)  ball  milled  for 
12  h  after  calcination. 

Figure  3.  X-ray  diffraction  spectra  of  calcined  powders  heated  at  various  temperatures  with 
a  holding  time  of  1  h. 

Figure  4.  Dilatometry  curves  for  chemically  stabilized  cristobalite  samples  sintered  at 

(a)  1350  Vfor  1  h  and  (b)  1450  °Cfor  1  h. 

Figure  5.  Integrated  X-ray  peak  intensity  ratios  of  a(102)  /  [13(222)  +  a(102)]  and  average 
grain  sizes  of  (a)  sample  pressureless  sintered  at  1350  °C  for  1  h  and  (b)  sample 
hot  pressed  at  1200  °C  for  1  h  under  28  MPa  as  a  function  of  annealing  time. 

Figure  6.  SEM  photograph  of  shattered  cristobalite  sample  hot-pressed  at  1200  °C  and 
annealed  at  1300  °C  for  50  h. 

Figure  7.  SEM  micrographs  of  the  polished  and  etched  surfaces  of  cristobalite  pressureless 
sintered  at  1350  Vfor  1  h  according  to  different  annealing  times  of  (a)  Oh  (b)  12 
h  and  (c)  30  h  (arrows  indicate  intra-granular  cracks). 

Figure  8.  SEM  micrographs  of  the  polished  and  etched  surfaces  of  cristobalite  hot  pressed 
at  1200  Vfor  1  h  under  28  MPa  according  to  different  annealing  times  of  (a)  0  h 

(b)  12  h  and  (c)  30  h  (arrows  indicate  intra-granular  cracks). 

Figure  9.  Grinding  effect  on  the  ratio  of  a/ ^XRD  peak  intensity  of  (a)  pressureless- 

sintered  cristobalite  and  (b)  hot-pressed  cristobalite  at  various  annealing  times. 

Figure  10.  Bright-field  TEM  micrographs  and  corresponding  SAD  patterns  of  the  hot- 

pressed  specimens  of  (a)  [111]  zone  axis  diffraction  pattern  from  un-annealed 
ff-cristobalite  and  (b)  [022]  zone  axis  diffraction  pattern  from  transformation- 
induced  a-cristobalite  after  annealing  for  12  h. 
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Toughening  of  Ceramic  Composites  by 
Transformation  Weakening  of  Interphases 
(Part  II.  Mullite/Cordierite  Laminate  with 
p-cristobalite  Interphase) 


Waltraud  M.  Kriven*  and  Sang-Jin  Lee* 

Department  of  Materials  Science  and  Engineering,  University  of  Illinois  at  Urbana- 
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Abstract 

A  new  concept  for  achieving  graceful  failure  in  oxide  composites  is  introduced.  It 
is  based  on  debonding  of  a  weak  interphase  between  a  matrix  and  reinforcement  (e.g. 
fiber),  or  in  a  laminated  composite.  The  interphase  can  be  thermally  or  shear  stress  induced 
by  transformation  weakening,  which  results  from  an  accompanying  significant  volume 
contraction  and/or  unit  cell  shape  change,  on  cooling  from  a  high  temperature  to  low 
temperature  crystal  structure. 

Mullite/cordierite  laminates  with  a  p^a-cristobalite  transformation  weakened 
interphase  were  investigated  in  order  to  demonstrate  interphase  debonding  behavior.  The 
laminates  were  fabricated  by  stacking  alternate  tape-cast  green  sheets  of  chemically 
stabilized  p-cristobalite  and  a  mullite/cordierite  matrix  mixture.  The  laminate  showed 
fracture  behavior  dependent  on  a  critical  size  effect.  The  grain  size  of  polycrystalline  (3- 
cristobalite  was  controlled  by  annealing  time  at  1300  °C.  With  increasing  annealing  time, 
the  strength  decreased  due  to  the  formation  of  internal  microcracks  in  the  cristobalite  layer 
which  occurred  spontaneously  during  thermally-induced  transformation.  The  hot-pressed 
laminate,  annealed  for  10  h  at  1300  °C,  had  an  average  grain  size  of  4.2  [Am  and  a  strength 
of  131  MPa.  Its  work  of  fracture  was  2.38  kJ/m^  with  a  non-catastrophic  fracture 
behavior.  The  indentation  response  indicated  crack  deflection  along  the  cristobalite 
debonding  interphase. 


*  Members,  The  American  Ceramic  Society. 


I.  Introduction 


The  brittleness  and  unreliability  of  ceramics  in  oxidizing  environments  remain 
difficult  and  unsolved  problems.  Attempts  to  impart  “graceful  failure”  analogous  to 
ductility  in  metals  have  been  partially  successful  with  the  use  of  composites.  These  are 
ceramic  matrices  reinforced  with  fibers,  particulates,  platelets  or  whisker-shaped  second 
phases.^  It  is  now  well  established  that  toughening  results  from  debonding  at  the  interface 
between  matrix  and  reinforcement  phase^  ^  This  is  a  crucial  step  leading  to  crack  energy 
dissipation  such  as  frictional  sliding  at  the  interface,  while  transferring  load  bearing  forces 
on  to  fibers,’’^^  or  causing  crack  deflection  mechanisms  to  operate  in  laminates.''* ' 

For  long  term  retention  of  high  temperature  properties  in  oxidizing  environments, 
chemically  stable  oxide  fibers,  coatings  and  matrices  are  highly  desirable  components  in 
ceramic  composites.  At  present  single  crystal  saphire  (AI2O3)  and  yttrium  aluminum  garnet 
(Y3AI5O12  or  YAG)  fibers  are  available  at  an  extremely  high  price  from  Saphicon  Inc.  (33 
Powers  St.  Milford,  NH,  USA).  While  fine  grained,  polycrystallize  alumina-mullite  fibers 
(Nextel  720)  can  be  obtained  at  a  lower  cost  from  the  3M  company  (3M  Center,  St.  Paul, 
MN,  USA),  they  are  unable  to  withstand  temperatures  above  1300  °C  due  to 
microstructural  rearrangment.  More  recently,  however,  research  into  more  economical 
techniques  for  producing  mullite  (3Al203*2Si02)  and  YAG  fibers  is  underway. 
Amorphous  fibers  can  be  produced  by  a  laser  melting,  containerless  technique 
(Containerless  Research  Inc.,  Evanston,  IL,  USA)  involving  rapid  pulling  of  deeply 
undercooled  melts  and  subsequent  crystallization.  Depending  on  the  phase  diagrams,  this 
may  be  a  general  method  for  the  production  of  any  oxide  as  a  fiber. 

While  the  interfacial  debonding  mechanism  has  clearly  been  demonstrated  in  SiC 
materials  reinforced  with  SiC  fibers  that  were  previously  coated  with  a  thin  layer  of 
compliant  graphite  (C)  or  boron  nitride  (BN),  they  only  operate  at  ambient  temperatures  or 
under  vacuum  at  high  temperatures.  In  air  at  high  temperatures  both  SiC  and  graphite 
decompose,  leaving  the  ceramic  body  porous  and  friable.  In  the  past  few  years,  different 
types  of  oxide  interfacial  layers  have  been  proposed  to  replace  C  or  BN  coatings  around 
oxide  fibers  (e.g.  saphire).  One  such  coating  is  based  on  micaeous  cleavage  materials  such 
as  fluorophlogopite  or  hibonite  (Ca0*6Al203).^^  Alternatively,  lanthanide  phosphates  such 
as  monazite  (LaP04)  or  zenotime  (yttrium  phosphate,  YPO4)  have  been  introduced  as 
oxidation  resistant  interfaces  capable  of  operating  up  to  2000  °C  in  air.  "  ’  While  at  first 
sight  the  monazite-type  interfaces  appear  to  be  viable,  bulk  mechanical  data  for  strength, 
toughness  and  stress-strain  curves  are  still  lacking.  However,  fiber  push-out 
measurements  of  debonding  shear  strength  (tj)  have  been  made  for  monazite  (LaP04) 


coatings  of  various  thickness,  around  saphire,  embedded  in  AI2O3  or  in  YAG.  The 
debonding  shear  strength  (Xd)  varied  from  140  MPa  to  110  MPa,  where  the  latter 
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corresponded  to  a  minimum  monazite  thickness  of  2  pm  around  YAG  fibers." 
Measurements  of  the  analogous  zenotime  coating  on  YAG  fibers  yielded  a  Xd  of  95  MPa. 

In  comparison,  Xd’s  for  graphite  coatings  are  generally  reported  to  be  10-15  MPa.  It  is 
fair  to  say  that  optimum  debonding  shear  strengths  for  oxides  are  not  yet  known,  but  at 
first  glance  they  appear  to  be  still  too  high  for  monazite-type  interfaces,  although  there  may 
be  an  optimum  value  such  that  higher  values  may  promote  more  crack  energy  dissipation. 

Another  perceived  problem  with  the  monazite  system  is  its  sensitivity  to 
decomposition  under  conditions  of  slight  deviations  from  stoichiometry ."  In  the  presence 
of  AI2O3  it  tends  to  form  a  magnetoplumbite  (Al203TlLa203)  and  porosity,  with  some 
volatilization  of  phosphorus.  Zenotime  (YPO4)  appears  to  be  more  stable,  eg.  with  YAG, 
due  to  its  lack  of  4f  electrons.^^’^^  However,  YPO4  is  not  necessarily  compatible  with 
many  compounds  (e.g.  AI2O3).  A  further  shortcoming  of  the  interface  slippage  mechanism 
operating  in  the  lanthanide  phosphate-type  systems  is  that  it  relies  on  the  fiber  preserving  a 
smooth  and  clean  interface.  This  places  a  stringent  requirement  on  the  manufacture  and 
handling  of  fibers,  and  hard-to-control  restrictions  on  subsequent  changes  in  surface 
microstructure  during  prolonged  service  at  high  temperatures.  The  fibers  tend  to  take  on  a 
corrugated  surface  mimicing  the  grain  shapes  in  the  polycrystalline  matrix,  as  they  attempt 
to  achieve  equilibrium  dihedral  angles  with  the  matrix  grains.  The  theories  for  smooth 
fiber/matrix  pullout  then  no  longer  apply. 

Since  copious  quantities  of  oxide  fibers  or  weaves  are  not  yet  available,  systematic 
investigation  can  still  be  carried  out  with  model  laminar  ceramic  composites.^'*’^^  Recently  a 
strong  and  damage  tolerant  laminate  system  has  successfully  been  fabricated  based  on  a 
zenotime  (yttrium  phosphate,  YPO4)  interphase. A  high  flexural  strength  (e.g.  392 
MPa)  was  derived  from  the  choice  of  matrix  to  be  a  triple  layer  of  yttria  stabilized  zirconia 
(3Y-TZP),  zirconia  toughened  alumina  (30  vol%  3Y-TZP  -  70  vol%  AI2O3),  and  3Y-TZP 
again.  The  high  interfacial  debonding  strength  of  YPO4  was  thus  also  offset  by 
optimization  of  thermal  expansion  coefficient  of  the  triple  layered  matrix  with  the 
interphase.  The  high  temperature  thermal  properties  of  this  oxide  laminate  system  depend 
on  the  relative  thermal  expansion  coefficients  of  the  components,  however,  and  still  remain 
to  be  evaluated. 

The  aim  of  this  work  was  to  introduce  a  new  mechanism  of  interfacial  debonding 
which  is  less  dependant  upon  mismatch  of  thermal  expansion  coefficients.  It  is  postulated 
that  an  overall  increase  in  toughness  can  be  achieved  by  inducing  a  phase  transformation  in 
an  oxide  coating  which  is  accompanied  but  a  large,  but  negative  volume  change  on  cooling, 


or  significant  unit  cell  shape  change.  The  proposed  mechanism  is  schematically  illustrated 
in  Fig.  and  is  based  on  the  analogy  with  transformation  toughening  in  zirconia  (ZrOj) 
which  is  accompanied  by  a  volume  increase  of  (+)  3.0  %  at  950  “C  or  (+)  4.9  %  at  room 
temperature.  The  terminology  of  “transformation  weakening”  was  first  introduced'  to 
describe  the  deleterious  effect  of  the  -5.5  %  volume  contraction  in  enstatite  (MgO-SiO:  or 
MgSiOs)  as  it  transforms  from  orthorhombic  protoenstatite  to  monoclinic  clinoenstatite  at 
865  °C  on  quenching.  Elastic  tensor  calculations  of  the  enstatite  transformation  strain" 
indicated  an  anisotropic  volume  contraction  with  a  maximum  of  -16.5  %  in  the  [c]  axis  of 
the  product  phase  with  respect  to  parent  crystal  lattice.  This  gives  rise  to  oriented 
intragranular  microcracks  perpendicular  to  the  [c]  monoclinic  axis.  Intragranular 
microcracks  due  to  thermally  induced  transformation  have  been  previously  observed"  ■  in 
clinoenstatite  grains  which  were  overaged  beyond  a  critical  particle  size  of  7  pm. 

A  distiction  can  be  drawn  between  thermal  versus  stress-induced  transformation. 
Displacive  transformations  can  be  associated  with  a  critical  particle  size  effect  in  dense 
ceramics. Overaged  grains  exceeding  their  critical  particle  size  transform 
spontaneously  on  cooling  through  their  transformation  temperature.  Optimally  aged  grains 
can  be  metastably  retained  down  to  room  temperature,  but  can  be  induced  to  transform 
through  the  action  of  shear  or  tensile  stresses.^'*’^*  "***  Fig.  1  illustrates  overall  toughening 
by  a  localized  shear-induced  mechanism.  In  a  composite,  the  difference  between  a  shear 
versus  thermal  induced  mechanism  is  that  in  the  latter,  almost  all  of  the  interphase  coating 
grains  have  already  transformed  at  room  temperature,  while  in  the  former,  most  of  the 
grains  are  ideally  at  their  optimum  critical  particle  size  ready  to  be  stress  induced  by  a 
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propagating  crack  or  by  the  critical  resolved  shear  stress  needed  for  transformation. 

The  potential  advantages  of  interphase  debonding  by  a  transformation  weakening 
mechanism  are  suggested  in  Fig.  1,  where  a  variety  of  synergistic  toughening  mechanisms 
may  be  activated.  These  include;  (i)  energy  dissipation  by  creation  of  new  surfaces  as 
microcracks;  (ii)  in  the  shear-induced  case,  crack  energy  is  used  to  overcome  activation 
energy  barrier  and  nucleate  the  transformation;  (iii)  frictional  work  is  done  by  the  crack  as  it 
debonds  from  the  reinforcement  and  passes  through  the  weakened  interphase;  (iv)  load 
bearing  by  the  fiber,  with  subsequent  crack  closure  forces  exerted  on  the  main  matrix 
crack,  grain  bridging  e.g.  in  the  case  of  an  interphase  coated  reinforcement  (fiber 
particulate,  platelet  or  whisker). 

The  shear  stress-induced  transformation  may  be  an  extremely  powerful  toughening 
mechanism  in  fully  dense  bodies.  In  the  as-fabricated  state,  the  composite  has  maximum 
bulk  strength,  and  specifically,  transverse  strength  in  directions  perpendicular  to  fiber 
lengths.  Should  a  matrix  crack  approach  the  fiber,  however,  it  induces  transformation 


weakening  in  the  interphase,  but  only  in  the  immediate  environment  of  the  crack,  rather 
than  in  all  the  interphases  throughout  the  bulk  of  the  material,  as  occurs  in  thermally- 
induced  transformation. 

During  long  term  use,  the  fatigue  properties  are  not  expected  to  deteriorate 
catastrophically,  since  the  transformational  damage  is  localized  to  the  interphase  and  is 
beneficial  for  toughening.  Essentialy,  in  the  long  term,  the  stress-induced  toughening 
reverts  to  thermally  induced  toughening.  If  crack  healing  in  the  transformed  interphase  did 
occur  during  prolonged  use  at  high  temperature,  a  useful  feature  would  be  to  recycle  the 
interphase.  Heating  above  the  transformation  temperature  to  the  high  temperature  volume 
expanded,  parent  phase  should  induce  crack  healing  and  restore  an  essentially  dense  and 
untransformed  interphase  in  almost  pristine  condition. 

For  high  temperature  applications  in  an  oxidative  environment,  oxide  interphases 
are  required,  together  with  oxide  reinforcement  and  matrix  phases.  Tables  of  currently 
known  or  suspected  phase  transformations  in  oxide  ceramics  have  been  published 
elsewhere,^’  and  are  a  topic  of  ongoing  research.  For  comparison  and  scientific 
completeness,  transformations  involving  positive  volume  changes  on  cooling  (e.g.  zirconia 
(Zr02)  where  To=950  °C  or  the  lanthanide  sesquioxides  (Ln203)  where  To=1850  °C  on 
cooling)  are  also  listed,^^’^®’'**^*'^^  since  it  remains  yet  to  be  determined  whether  or  not  the 
generation  of  microcracking  or  stress  intensity  sites  (also  generated  with  volume  increases) 
are  beneficial  for  crack  deflection  along  the  interphase  and  resulting  interphase  debonding. 

Again,  for  high  temperature  applications,  the  maximum  use  temperature  is  set  by 
the  transformation  temperature  (To),  which,  in  the  case  of  displacive  or  martensitic 
transformations,  is  known  to  vary  by  hysterisis  for  a  given  system.  The  transformation 
weakening  effect  is  expected  to  operate  over  a  range  of  temperatures  up  to  To,  provided  that 
the  microstructure  of  the  interphase  is  appropriately  designed.  Factors  such  as  interphase 
thickness,  grain  size  and  composition  need  to  be  controlled  and  maintained  during 
prolonged  annealing  at  elevated  temperatures.  The  interphase  needs  to  have  stable  phase 
equilibria  with  adjacent  matrix  and  reinforcement  compositions.  For  a  shear  stress-induced 
transformation,  the  critical  particle  size  of  an  interphase  will  need  to  be  preserved,  e.g.  by 
the  addition  of  chemically  compatible,  non-transformable,  second  phases  to  inhibit  grain 
growth.  Thus  a  variety  of  metallurgical  techniques  such  as  chemical  additions  to  produce 
second  phase  precipitates  and  grain  boundary  pining  may  be  explored  to  inhibit  grain 
growth  above  the  critical  grain  size.  In  the  case  of  a  transformable  second  phase,  its  To 
may  cover  an  even  higher  temperature  range.  Multiple  coatings  with  different  Tq’s  may 
also  be  applied  to  cover  a  wider  range  of  temperatures. 
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In  this  paper  we  describe  work  to  demonstrate  the  feasibility  of  transformation 
weakening  as  a  viable  debonding  mechanism  in  ceramic  matrix  composites.  A  model 
system  was  chosen  based  on  the  cubic  (P)  to  tetragonal  (a)  transformation  in  cristobalite 
(Si02).  The  high  temperature  p  structure  transforms  displacively  to  a  at  265  °C  on 
cooling,  and  is  accompanied  by  ~3.2  %  volume  decrease.  The  critical  particle  size  range 
for  shear-induced  transformation  in  chemically  modified  cristobalite  was  established  in  Part 
I  of  this  work.^’  In  the  absence  of  commercially  available  mullite  fibers,  a  model  laminate 
configuration  was  chosen.  In  order  to  optimize  the  match  of  thermal  expansion  coefficients 
of  mullite  and  cristobalite,  to  improve  the  sinterability  of  mullite,  and  to  maximize  the 
strength  of  the  mullite  matrix  layers,  a  60  vol%  mullite/40  vol%  cordierite  mixture  was 
used  as  the  matrix  phase.^^  A  tape  casting  technique  was  used  to  engineer  a  series  of 
laminated  composites  in  various  sequences  of  stacked  and  hot  pressed  tapes.  The  phase 
transformation  and  fracture  behavior  were  investigated  in  laminated  composites  of 
mullite/cordierite  matrix  mixtures  separated  by  a  cristobalite  interphase.  The  grain  size  of 
the  polycrystalline  P-cristobalite  was  controlled  by  varying  the  annealing  time  at  1300  °C, 
and  examined  by  SEM.  In  addition,  the  effects  of  the  laminate  design  and  heating 
condition  on  the  strength  and  toughness  of  the  laminated  composite  were  studied  both 
qualitatively  by  optical  microscopy  and  indentation  techniques,  as  well  as  quantitatively  by 
measuring  flexure  strengths. 

II.  Experimental  Procedure 

(1)  Preparation  of  Powder  and  Laminate 

Amorphous-type  p -cristobalite  powder  was  prepared  by  the  solution- 
polymerization  technique  employing  PVA  solution  as  a  polymeric  carrier.^*’’^^  The  details 
of  the  preparation  method  were  described  in  a  previous  paper  (Part  I).  Amorphous-type 
cordierite  powder  was  also  prepared  by  the  same  method.^^  The  cordierite  powder  was 
synthesized  from  Mg(N03)2-6H20  (reagent  grade,  Aldrich  Chemical  Co.,  Milwaukee, 
WI);  A1(N03)3*9H20  (reagent  grade,  Aldrich  Chemical  Co.,  Milwaukee,  WI)  and  Ludox 
AS-40  colloidal  silica  (40  wt%  suspension  in  water,  Du  Pont  Chemicals,  Wilmington, 
DE).  The  average  particle  size  of  the  amorphous-type  cordierite  powder,  after  calcination  at 
750  ®C  for  1  h  and  ball-milling  for  12  h,  was  about  0.3  [xm  with  a  specific  surface  area  of 
80  m^/g.  Commercial  mullite  powder  (KM  Mullite-101  Kyotitsu,  Nagoya,  Japan),  which 
had  an  average  particle  size  of  0.8  p.m  and  a  specific  surface  area  of  26  m  /g,  was  used  in 
the  mullite/cordierite  mixture. 


The  monolithic  starting  powders  and  the  mullite/cordierite  mixtures  having  different 
cordierite  content  were  characterized  for  relevant  properties  such  as  thermal  expansion 
coefficient,  flexural  strength,  linear  shrinkage  behavior,  and  the  phases  formed  after 
sintering.  Specimens  for  the  above  tests  were  fabricated  in  the  form  of  pressureless- 
sintered  pellets  which  were  prepared  by  uniaxial  pressing  at  20  MPa  followed  by  cold 
isostatic  pressing  at  170  MPa  for  10  min. 

Laminates  were  fabricated  by  the  tape  casting  process  according  to  the  procedure 
summarized  in  Fig.  2.  The  slurries  consisted  of  ~25  vol%  oxide  powders,  ~63  vol% 
solvent  and  12  vol%  organics.  The  0.5  wt%  (dry  weight  basis  of  oxide  powder)  polyvinyl 
butyral  (PVB,  Monsanto,  St.  Louis,  MO)  was  added  to  the  slurries  as  a  dispersant.  The 
solvent  was  composed  of  a  mixture  of  trichloroethylene  (ClCH=CCl2,  Aldrich  Chemical 
Co.,  Milwaukee,  WI)  and  ethanol  (CH3CH2OH,  Aldrich  Chemical  Co.,  Milwaukee,  WI) 
while  the  organics  included  a  binder  (polyvinyl  butyral  (PVB),  Monsanto,  St.  Louis,  MO) 
and  plasticizers  (polyethylene  glycol  (PEG)  2000  and  dioctyl  phthalate  (DP),  Aldrich 
Chemical  Co.,  Milwaukee,  WI).  After  pulverization,  dispersion  and  mixing  by  ball-milling 
two  times,  the  slurries  were  stirred  in  vacuum.  This  helped  in  removing  bubbles  and 
adjusting  the  working  viscosity.  After  ageing  for  2  days,  the  slurries  were  tape  cast  using  a 
doctor  blade  opening  of  150-300  pm  to  obtain  tape  cast  green  sheets  of  60-150  pm 
thickness.  Drying  of  the  cast  tapes  was  carried  out  under  a  saturated  solvent  atmosphere 
for  a  day. 

The  green  laminate  composites  had  area  dimensions  of  25  mm  x  51  mm  after 
stacking  green  sheets.  Thermocompression  was  performed  at  10  MPa  load  for  30  min  at 
80  °C,  which  was  the  softening  point  of  the  organics.  The  organic  additives  were  removed 
by  heating  to  550  “C  in  an  air  atmosphere,  using  a  two  step  heating  process.  After  these 
additives  were  burned  out,  the  green  laminates  were  iso-statically  cold  pressed  at  170  MPa 
for  10  min.  The  laminated  green  bodies  were  pressureless  sintered  at  1350  °C  for  1  h,  in 
an  air  atmosphere.  The  laminates  were  also  hot  pressed  by  loading  them  in  a  graphite  die 
and  surrounding  them  with  compatible  oxides.  Hot  pressing  was  done  under  an  argon 
atmosphere  at  28  MPa,  at  a  temperature  of  1200  °C  for  1  h. 

All  laminate  composites  after  densification  had  a  30  layer  repetitive  sequence  of 
matrix  and  interphase.  These  were  made  in  different  thickness  ratios  of  matrix  to 
interphase  by  stacking  each  green  sheet  in  proportion  to  the  respective  thickness  ratio  after 
densification.  After  sintering,  the  laminates  were  cut  into  bend-bars,  the  cutting  direction 
being  parallel  to  the  area  length.  The  bend-bars  with  dimensions  of  30  mm  x  3.0  mm  x 
2.5-3 .0  mm  were  polished  to  a  15  pm  finish  with  diamond  paste.  The  specimens  were 
then  annealed  at  1300  °C  for  different  times. 
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(2)  Characterization 

(A)  Thermal  Expansion  Coefficient  Measurement :  The  experiments  for  examining  the 
variation  of  thermal  expansion  coefficient  for  different  mixing  ratios  of  mullite  and 
cordierite  were  performed  in  a  dilatometer  (Netzsch  Dilatometer,  402E,  Germany).  To 
obtain  a  relative  density  above  95%  in  each  specimen  they  had  to  be  sintered  at  different 
temperatures. 

(B)  Linear  Shrinkage  Behavior :  The  linear  shrinkage  of  each  specimen  was  measured  in 
the  temperature  range  of  900  °C  -  1600  °C  by  determining  the  dimensions  with  Vernier 

callipers. 

(C)  X-ray  Diffraction  Analysis  :  To  examine  the  phases  formed  after  sintering  of  each 
starting  powder/mixture,  a  Rigaku  spectrometry  (Dmax  automated  powder  diffractometer, 
Rigaku/USA,  Danvers,  MA)  with  CuKa  radiation  (40  kV,  40  mA)  was  used. 

(D)  Relative  Density  Measurement :  The  density  for  the  sintered  specimens  was  estimated 
by  the  Archimedes’  method  using  distilled  water  as  a  displacement  liquid.  The  relative 
density  of  each  specimen  was  calculated  from  density  of  the  mullite  (3.18  g/cm  ),  cordierite 
(2.52  g/cm^)  and  cristobalite  (a  phase:  2.33  g/cm^  and  P  phase:  2.26  g/cm^)  as  a 

theoretical  density  at  a  given  volume  ratio. 

(E)  Flexural  Test :  4-point  flexural  testing  was  performed  using  a  10  mm  inner  span  and  a 
20  mm  outer  span,  at  a  crosshead  speed  of  0.01  mm/min  on  a  universal  testing  machine 
(model  4502,  Instron  Corp.,  Canton,  MA).  A  minimum  of  five  bars  were  tested  for  each 
composition.  The  apparent  work  of  fracture  was  obtained  by  dividing  the  area  under  the 
load-displacement  curve  by  the  cross-sectional  area  of  the  sample. 

(F)  Indentation  Test :  A  Vicker’s  hardness  test  was  carried  out  with  a  micro-hardness 
tester  (Zwick  3212,  Mark  V  Lab.  Inc.)  under  a  6  kg  indentation  load  in  order  to  study  crack 
propagation  profiles  and  interaction  with  the  microstructure. 

(G)  Microstructure  Characterization  :  The  crack  propagation  behavior  in  the  laminates 
after  bend  testing  was  observed  by  optical  microscopy  (Nikon  SMZ-2T,  Japan)  and 
scanning  electron  microscopy  (SEM,  Model  DS-130,  International  Scientific  Instruments, 
Santa  Clara,  CA). 

III.  Results 

(A)  Composition  of  Laminate 

Fig.  3  shows  the  variation  of  thermal  expansion  coefficient  and  flexural  strength  for 
the  mullite/cordierite  mixtures  as  a  function  of  cordierite  content.  As  expected,  the  thermal 
expansion  coefficient  and  flexural  strength  decreased  as  cordierite  content  was  increasesd. 


To  match  the  thermal  expansion  coefficient  to  the  chemically  stabilized  (3-cristobalite  (1.5  x 
10'^/°C)/^  the  mullite/cordierite  layer  should  also  have  a  low  thermal  expansion  coefficient. 
The  thermal  expansion  compatibility  is  an  important  factor  in  fabricating  a  stable  laminate 
structure  without  thermal  stresses  at  the  interface.  However,  in  order  to  design  a  high 
flexural  strength  laminate,  a  low  cordierite  content  is  important  in  this  case. 

The  trends  in  variation  of  shrinkage  of  the  compacts  for  each  powder  at  various 
sintering  temperatures  are  shown  in  Fig.  4.  An  amorphous-type  p-cristobalite  powder 
compact  reached  almost  full  densification  at  1300  °C.  The  commercial  mullite  powder 
compact  could  not  be  densified  below  1600  °C.  In  the  case  of  the  synthetic,  amorphous- 
type  cordierite  powder  compact,  densification  occurred  earlier  than  that  in  cristobalite.  As 
10  wt%  amorphous-type  cordierite  was  added  to  the  mullite,  the  sintering  shriiikage 
increased  largely  in  comparison  with  the  shrinkage  of  monolithic  mullite.  In  the 
mullite/cordierite  mbcture,  the  sintering  temperature  was  limited  to  below  1470  °C  because 
of  the  melting  of  cordierite  (m.p  :  1475  °C). 

Fig.  5  displays  X-ray  diffraction  patterns  for  each  compact  after  sintering  at  1300 
°C.  p-cristobalite  phase  was  observed  to  have  crystallized  from  the  amorphous-type 
cristobalite  powder  compact  (Fig.  5  (a)).  Crystalline  a-cordierite  phase  was  detected  from 
the  amorphous-type  cordierite  (Fig.  5  (b)).  The  60  wt%  mullite  and  40  wt%  amorphous- 
type  cordierite  powder  compact  showed  mullite  and  a-cordierite  phases  without  any 
chemical  reaction.  To  design  a  laminate  composite  with  matching  thermal  expansion 
coefficients  and  sintering  shrinkages  between  laminated  materials  and  still  have  reasonable 
strength,  the  40  wt%  cordierite  content  was  selected  for  the  mullite/cordierite  matrix  layers. 

(B)  Sintering  and  Annealing  Effects  on  Fracture  Behavior 

To  study  the  fracture  behavior  of  the  laminates,  three  kinds  of  laminates  with  the 
same  matrix  to  interphase  thickness  ratio  were  studied  for  different  laminate  compositions 
and  heating  conditions.  The  detailed  conditions  are  listed  in  Table  I.  The  sintering 
temperature  was  determined  from  the  densification  temperature  of  each  component  as 
indicated  by  the  observations  of  Fig.  4.  For  pressureless  sintering  and  hot  pressing,  the 
sintering  temperatures  were  selected  to  be  1350  °C  and  1200  ”0,  respectively.  After 
densification,  annealing  was  done  at  1300  ®C.  Table  II  displays  a  relative  density  of  each 
component  at  each  densification  condition.  Hot  pressing  improved  densification. 

The  relative  ratios  of  a,  ^-cristobalite  phases,  average  grain  size,  strength,  and 
work  of  fracture  obtained  for  each  experiment  at  different  annealing  times  are  listed  in  Table 
III.  For  experiment  2,  the  sintered  laminate  was  denser  than  the  laminate  in  experiment  1 
due  to  the  higher  sinterability  of  the  cordierite  powder.  Morever,  good  compatibility  of 


thermal  expansion  can  be  expected  between  the  cordierite  and  cristobalite  laminate. 
However,  in  spite  of  the  low  thermal  stress  between  the  laminate  and  dense  microstructure, 
the  strength  of  the  experiment  2  at  each  annealing  time  was  lower  than  that  of  experiment  1. 
This  could  be  attributed  to  the  low  strength  of  cordierite.  In  all  cases,  the  strength 
decreased  when  the  annealing  time  was  increased.  The  work  of  fracture  showed  maximum 
values  at  different  annealing  times  for  each  experiment.  The  maximum  work  of  fracture  of 
1.93  kJ/m^  in  experiment  1  was  observed  at  annealing  times  of  30  h.  In  contrast,  the 
highest  work  of  fracture  of  2.38  kJ/m^  was  observed  in  the  more  dense  hot-pressed 
laminate  with  a  strength  of  131  MPa  at  annealing  times  of  just  10  h.  This  indicated  that  the 
hot-pressed  laminate  was  more  appropriate  for  phase  transformation  weakening  when  it 
had  a  dense  microstructure. 

Fig.  6  presents  load-deflection  curves  for  experiment  3,  under  un-notched,  4-point 
flexural  testing,  as  a  function  of  annealing  time.  For  the  un-annealed  bend  bar,  the  curve 
showed  brittle  fracture  behavior.  For  the  10  h  annealing  case,  the  curve  showed  non- 
catastrophic  fracture  behavior.  The  step-wise  load  drops  were  characteristic  of  non-brittle 
fracture.  This  implied  that  the  matrix  crack  was  notably  deflected  by  the  interphase,  giving 
a  significant  work  of  fracture.  The  optical  micrographs  confirming  crack  deflection  in  the 
laminate  samples  are  seen  in  Fig.  7.  In  comparison  with  the  un-annealed  laminate,  the 
crack  was  notably  deflected,  especially  in  the  central  shear  region  of  the  cristobalite  layer  in 
the  laminate  annealed  for  10  h.  Pronounced  delaminations  between  the  mullite/cordierite 
mixture  layer  and  cristobalite  layer  were  also  detected  after  flexural  testing  of  the  same 
sample.  The  relation  between  the  work  of  fracture,  strength,  and  average  grain  size  is 
shown  in  Fig.  8.  The  result  showed  a  parabolic  curve  form.  The  curves  had  a  maximum 
work  of  fracture  in  the  range  from  100  to  150  MPa  strength  except  in  experiment  2.  At  the 
maximum  point  of  work  of  fracture  for  each  case,  the  laminates  had  an  average  grain  size 
of  4-5  pm,  as  shown  in  Table  III.  The  strength  decreased  with  increasing  average  grain 
size.  This  meant  that  microcracks^^  in  the  cristobalite  layer,  which  increased  when 
annealing  time  was  increased,  decreased  the  frexural  strength  in  the  laminate  structure. 
Cracks  occurred  due  to  thermally-induced  transformation  during  the  cooling  process.^’ 

The  thermally-induced  cracks  in  the  hot-pressed  laminated  cristobalite  layer  before 
conducting  flexural  strength  tests  are  shown  in  Fig.  9.  In  a  laminate  annealed  for  10  h,  no 
severe  crack  existed  in  the  cristobalite  layer  (Fig.  9  (a)).  In  contrast,  a  36  h  annealed 
sample,  with  an  average  grain  size  of  about  7.3  pm,  had  a  severe  crack  inside  the 
cristobalite  layer.  The  laminate,  which  had  the  severe  microcrack,  showed  a  low  strength 
even  though  matrix  crack  deflection  was  observed  in  the  flexural-tested  laminate  as  shown 
in  Fig.  6.  The  thermally-induced  microcracks  in  the  cristobalite  layer  played  the  role  of  a 


crack  deflecting  source.  However,  this  kind  of  deflection  did  not  decrease  crack  energy 
significantly  in  this  laminate  system.  The  excessive  work  of  fracture  in  the  laminate 
annealed  for  10  h  indicated  that  here,  the  crack  deflection  occurred  mainly  by  shear  stress- 
induced  phase  transformation,  and  not  just  by  the  microcracks  caused  by  thermally-induced 
phase  transformation. 

To  examine  the  interaction  between  crack  propagation  and  the  laminated 
microstructure,  Vickers  indentation  cracks  were  introduced  and  the  SEM  micrograph  is 
shown  in  Fig.  10.  Indent-induced  cracks,  in  the  laminate  hot-pressed  and  annealed  for  10 
h,  displayed  a  preferred  propagation  path  through  the  mullite/cordierite  layer.  However, 
the  crack  did  not  cross  the  cristobalite  layer.  This  indicated  that  the  indentation  produced 
cracks  along  the  cristobalite  layer  by  the  phenomenon  of  transformation  induced 
weakening. 

(C)  Thickness  Ratio  Effect  on  Fracture  Behavior 

Laminates  experienced  a  large  thickness  change  after  densification  because  of  the 
complicated  processing  variables.  The  thickness  ratio  of  the  green  body  was  not  consistent 
with  the  thickness  ratio  of  the  densified  body.  Table  IV  summarizes  the  variation  of 
strength  and  work  of  fracture  as  a  function  of  thickness  ratio  between  cristobalite  and  the 
mullite/cordierite  matrix.  The  laminates  were  hot-pressed  and  annealed  for  10  h.  The 
given  thickness  ratios  in  Table  IV  were  determined  by  optical  microscopy,  by  measuring 
the  thickness  of  each  layer  in  a  densified  laminate. 

When  the  thickness  ratio  of  cristobalite  to  the  mullite/cordierite  layer  increased,  the 
strength  decreased.  The  strength  was  as  low  as  48  MPa  at  a  thickness  ratio  of  5  :  1.  Work 
of  fracture  was  also  quite  low  in  the  laminate  having  a  thicker  cristobalite  layer  than  the 
mullite/cordierite  layer.  On  the  other  hand,  the  laminate  having  the  thickness  ratio  of  1  :  5 
showed  a  high  work  of  fracture  of  2.38  kJ/m^.  Figs.  11  and  12  are  load-deflection  curves 
and  optical  stereo  micrographs  for  the  laminates  having  different  thickness  ratios.  At  the 
thickness  ratio  of  3  : 1,  the  fracture  curve  followed  similar  behavior  to  the  brittle  material 
with  a  low  strength  of  52  MPa.  Crack  deflection  occurred  for  the  thickness  ratio  of  1  :  1 
and  for  the  cases  where  there  was  a  thicker  mullite/cordierite  composite  layer  than 
cristobalite  layer.  For  the  thickness  ratio  of  1 :  7,  a  notable  crack  deflection  was  observed. 
However,  the  work  of  fracture  was  lower  than  the  laminate  having  a  thickness  ratio  of  1  ; 
5.  This  may  have  been  due  to  some  part  of  the  thin  cristobalite  interphase  in  the  laminate 
having  thickness  ratio  of  1  :  7  which  did  not  work  as  a  phase  transformation  weakening 
layer,  because  there  was  not  enough  interphase  thickness  to  provide  an  easier  propagation 


path  for  the  deflection  of  the  matrix  crack.  The  arrows  in  the  Fig.  12  (e)  indicate  the  matrix 
crack  passing  the  thin  cristobalite  interphase  without  deflection. 

IV.  Discussion 

The  cordierite  prepared  by  the  PVA  solution-polymerization  route  was  highly 
sinterable.  Thus,  it  was  very  effective  in  improving  the  densification  of  the 
cordierite/mullite  mixture  despite  the  poor  sinterability  of  mullite  (Fig.  4).  During  hot 
pressing,  this  improvement  in  sinterability  resulted  in  a  more  densified  microstructure  at  a 
relatively  low  temperature  of  1200  "C  under  23  MPa  pressure.  The  high  work  of  fracture 
in  the  hot-pressed  laminate  was  attributed  to  the  high  strength  of  the  dense  microstructure 
as  well  as  the  better  response  of  the  cristobalite  interphase  to  shear  stress-induced 
transformation.  The  hot-pressed  laminate  had  a  more  uniform  grain  size  of  cristobalite  than 
did  the  pressureless-sintered  laminate.^^  The  laminate  annealed  for  a  long  time  possessed  a 
low  strength.  However,  the  work  of  fracture  was  higher  than  for  the  un-annealed  laminate 
(Table  III  and  Fig.  6).  This  was  attributed  to  the  notable  crack  deflection  by  thermally- 
induced  cracks  in  the  cristobalite  interphase.  In  this  case,  crack  propagation  did  not 
consume  as  much  energy,  resulting  in  lower  work  of  fracture  than  the  laminate  having 
crack  deflection  by  shear  stress-induced  transformation.  Crack  deflection  by  the  thermally- 
induced  microcracks  showed  a  long  displacement  without  pronounced  step-wise  load  drops 
(Fig.  6).  The  superior  mechanical  behavior  exhibited  by  the  optimally  aged  interphase  (10 
h  at  1300  °C)  was  consistent  with  a  shear  stress-induced  transformation  mechanism. 

The  laminate  having  a  thickness  ratio  of  1 : 7  yielded  a  lower  work  of  fracture  than 
did  the  laminate  having  thickness  ratio  of  1 :  5.  This  was  attributed  to  the  probability  of  a 
crack  tip  meeting  a  grain  to  be  acted  upon  as  a  crack  energy  consuming  source  by  a  phase 
transformation  being  quite  low  in  the  laminate  with  the  thin  cristobalite  layer.  As  seen  in 
Fig  11,  a  low  frequency  of  step-wise  load  drop  in  the  laminate  of  1 ;  7  thickness  ratio,  in 
comparison  with  the  laminate  of  1  :  5  thickness  ratio,  explains  the  passing  of  the  matrix 
crack  through  the  thin  cristobalite  layer. 

A  new  laminate  design  can  be  considered  for  higher  strength  and  work  of  fracture 
from  the  results  of  this  study.  As  shown  in  the  comparison  of  fracture  behavior  between 
the  cordierite  laminate  with  cristobalite  interphase  and  the  cordierite/mullite  laminate  with 
cristobalite  interphase  (Table  III),  the  strengh  of  the  laminate  was  affected  more  by  the 
strength  of  the  interphase  material  than  by  the  compatibility  of  thermal  expansion  and 
sintering  shrinkage  in  the  laminate  structure.  Thus  a  very  low  cordierite  content  mullite 
mixture  could  be  substituted  for  monolithic  mullite.  In  the  latter  case,  for  densification,  hot 


pressing  at  higher  temperature  would  be  suggested.  At  the  same  time,  a  cristobalite  and 
mullite  combination  could  be  used  as  another  type  of  transformable  interphase.  The 
cristobalite/mullite  combination  can  be  expected  for  inhibition  of  severe  thermally-induced 
microcracks  by  excessive  grain  growth  of  cristobalite  during  the  high  temperature  sintering 
process.  Further  work  on  this  design  is  in  progress. 

V.  Conclusions 

Matrix-crack  deflection  by  shear  stress-induced  phase  transformation  was  observed 
at  the  critical  grain  size  of  4-5  p,m,  resulting  in  a  comparatively  high  work  of  fracture.  A 
hot-pressed  laminate  sample,  annealed  at  1300  °C  for  10  h  with  an  interphase  to  matrix 
thickness  ratio  of  1  :  5,  showed  the  highest  work  of  fracture  of  2.38  kJ/m^  with  a  strength 
of  131  MPa.  A  comparatively  low  strength  in  spite  of  high  work  of  fracture  at  longer 
annealing  time  was  attributed  to  severe  microcracking  in  the  cristobalite  interphase.  The 
severe  microcracking,  which  was  caused  by  spontaneous  thermally-induced  phase 
transformation  during  the  cooling  process,  provided  an  easier  propagation  path  for  crack 
deflection  without  as  much  reduction  in  crack  energy.  The  pronounced  crack  deflection  by 
induced  phase  transformation  was  observed  in  laminates  with  thickness  ratios  lesser  than  1 
:  1.  The  laminate  having  a  1  :  7  thickness  ratio  revealed  a  lower  frequency  of  step-wise 
load  drops  than  did  the  1  :  5  ratio  in  the  load-deflection  curve.  This  meant  that  a  matrix 
crack  in  the  laminate  having  a  1 :  7  thickness  ratio  passed  through  a  few  thin  cristobalite 
layers  without  crack  deflection. 

Thus,  the  design  of  an  oxide  laminate  composite  consisting  of  a  mullite/cordierite 
matrix  separated  by  a  transformation  weakened  cristobalite  interphase  has  successfully  been 
engineered.  The  mechanical  behavior  exhibited  by  the  optimally  aged  interphase  (10  h  at 
1300  °C)  is  consistent  with  a  shear  stress-induced  transformation  mechanism. 
Conventional  ceramic  processing  techniques  of  tape  casting  and  hot  pressing  were  used, 
but  the  concept  of  transformation  weakening  of  interphases  leading  to  overall  graceful 
failure  has  essentially  been  demonstrated.  Although  the  absolute  values  of  strength  are 
modest  due  to  the  weak  matrix  layers,  this  work  lays  down  the  foundation  for  the 
development  of  high  strength  and  toughness  composites  based  on  strong,  load  bearing 
fibers  such  as  mullite  or  YAG,  as  soon  as  they  become  commercially  available.  There  is 
wide  scope  for  theoretical  mechanics  design,  together  with  improved  coating  and 
processing  techniques.  However,  this  mechanism  for  inducing  interphase  debonding  is 
still  applicable  with  other  choices  of  higher  temperature  transformable  coatings  in 
combination  with  chemically  compatible  oxide  fibers  and  matrices. 
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Figure  Captions 


Figure  1.  Schematic  diagram  illustrating  “transformation  weakening  of  ceramic 

interphases”  leading  to  overall  toughening  of  a  ceramic  matrix  composite.  In 
thermally  induced  transformations,  all  interphases  are  pre-transformed  before  the 
approach  of  a  crack,  with  some  consequent  loss  of  overall  strength  of  the 
material.  In  the  ideal  shear-stress  induced  case,  an  on  coming  crack  induces  a 
transformation  in  its  immediate  environment,  with  strength  only  minimally 
reduced  throught  the  bulk.  Maximum  toughening  is  achieved,  since  the 
propagating  crack  needs  to  do  work  to  overcome  the  nucleation  barrier  and  cause 
transformation,  and  onset  of  the  other  synergistic  toughening  mechanisms 
occurs. 

Figure  2.  Flow  chart  of  tape  casting  procedure  for  fabrication  of  laminated  composites. 

Figure  3.  Variation  of  thermal  expansion  co^cient  and  flexural  strength  for 
mullitelcordierite  mixture  as  a  function  of  cordierite  content. 

Figure  4.  Shrinkage  behavior  for  the  powder  compacts  of  amorphous-type  cristobalite, 
cordierite,  commercial  mullite,  and  their  mixture  at  various  sintering 
temperatures. 

Figure  5.  X-ray  diffraction  patterns  of  (a)  amorphous-type  cristobalite,  (b)  amorphous- 
type  cordierite,  and  (c)  60  wt%  mullite  and  40  wt%  amorphous-type  cordierite 
mixture  after  sintering  at  1300  °C  for  1  h. 

Figure  6.  Load-deflection  curves  (from  experiment  3)  for  laminates  of  15  mullitelcordierite 
matrix  layers  separated  by  cristobalite  interphases  under  4-point  flexural  testing, 
as  a  function  of  annealing  time  at  1300  °C. 

Figure  7.  Optical  micrographs  (from  experiment  3}  of  crack  propagation  in  laminated 
samples  annealed  at  1300  °C  for  (a)  0  h  and  (b)  10  h  after  4-point  flexural 
testing. 

Figure  8.  Relation  between  strength,  work  of  fracture,  and  average  grain  size  in  laminates 
of  mullitelcordierite  separated  by  cristobalite  interphases. 

Figure  9.  SEM  micrographs  of  hot-pressed  laminates  annealed  at  1300  °C  for  (a)  10  h  and 
(b)  36  h.  A  pronounced  thermally-induced  microcrack  was  observed 
propagating  in  the  cristobalite  interphase  in  the  laminate  annealed  for  36  h. 

Figure  10.  SEM  micrograph  of  indentation  crack  pattern  in  hot-pressed  laminate  annealed 
for  10  h. 

Figure  11.  Load-deflection  curves  for  hot-pressed  laminates  having  different  densified 
thickness  ratios  (annealing  time :  10  h). 


Figure  12.  Optical  micrographs  of  crack  propagation  in  hot-pressed  laminates  having 

different  densified  thickness  ratios  of  (a)  5  : 1,  (b)  3  : 1,  (c)  1  : 1,  (d)  1  :  5,  and 
(e)  1 :  7  after  annealing  for  10  h. 
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Dispersant :  PVB 
Solvent :  ethanol 

trichloroethylene 


Plasticizer  :  PEG  /  DP 
Binder :  PVB 


Viscosity :  about  10000 

-15000  cP 


Casting  rate  :  1  cm/sec. 
Drying  condition 
:  saturated  atmosphere 
at  room  temp. 

Lamination  condition 
:  80  °C  for  30  min  under  an 
uniaxial  compression 

Bum-out  condition 
:  R.T-400°C  (l°C/min)  2h  hold 
400-550°C  (0.5°C/min)  3h  hold 

CIP  condition 
:  170  MPa  for  10  min 

Pressureless  sintering 
:  1350  °C  for  Ih 
Hot  pressing 

:  1200  °C  for  Ih  at  28  MPa 
under  an  Ar  atmosphere 


Thermal  Expansion  Coefficient 
(x  lO-fi/^C) 


Thermal  expansion  coefficient  -  300 
Flexural  Strength 


Cordierite  Content  (wt%) 
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Table  I.  Different  Laminate  Compositions  and  Heating  Condition  for  Three  Kinds  of 
Mullite/Cordierite  Laminates  Separated  by  Cristobalite. 


Experiment  1 

Experiment  2 

Experiment  3 

Composition 

60  wt%  M/40  wt%  C 
with  Ct  interphase 

C  with  Ct  interphase 

60  wt%  M/40  wt%  C 
with  Ct  interphase 

Thickness  Ratio 
between  tM/§C  and  ^Ct 

5:1 

5:1 

5:1 

Sintering  Condition 

Pressureless  sintering 
at  1350  “C  for  1  h 

Pressureless  sintering 
at  1350  “C  for  1  h 

Hot  pressing 
at  1200  “C  for  1  h 

Annealing  Temperature 

1300  °C 

1300  °C 

1300  X 

tM  :  mullite  §C  :  cordierite  ^Ct ;  p-cristobalite 


Table  II.  Relative  Ratio  of  a/p  Cristobalite  Phase,  Average  Grain  Size,  Strength,  and 
Work  of  Fracture  for  Each  Experiment  at  Various  Annealing  Times. 


Experiment  1 

Experiment  2 

Experiment  3 

Annealing  Time  (h) 

0 

12 

30 

50 

0 

12 

30 

0 

10 

12 

36 

t  I(102)a 

I(222)p  +  I(102)a 

0.28 

0.45 

0.60 

0.63 

0.32 

0.49 

0.60 

0.22 

0.47 

0.52 

0.77 

tAverage  Grain  Size  (pm) 

1.2 

3.0 

5.0 

5.6 

1.1 

3.0 

5.0 

0.8 

4.2 

5.0 

7.3 

Strength,  Omax  (MPa) 

140 

125 

100 

85 

120 

108 

89 

180 

131 

112 

92 

2 

Work  of  Fracture  (kJ/m  ) 

0.80 

1.10 

1.93 

1.75 

0.67 

0.75 

1.28 

1.20 

2.38 

2.00 

1.82 

^Reference  15 


Table  III.  Variation  of  Strength  and  Work  of  Fracture  as  a  Function  of  Thickness  Ratio 
Between  Cristobalite  and  Mullite/Cordierite  Layer  in  Hot-Pressed  Laminate 

Annealed  for  10  h. 


tThickness  Ratio 

1:7 

1:5 

1 : 1 

3:1 

5:1 

Strength,  Omax  (MPa) 

168 

131 

107 

52 

48 

Work  of  Fracture(kJ/m2) 

1.90 

2.38 

1.54 

0.41 

0.37 

tThickness  ratio  of  cristobalite  to  mullite/cordierite  composite 
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Abstract 

A  new  and  simple,  chemical  route  was  used  to  synthesize  mixed  oxide 
powders.  The  method  employs  long-chain  polymers  without  chelating  functional 
groups  as  organic  "cation  carriers".  The  chemistry  of  the  precursor  solution  differs 
from  other  solution-polymerization  techniques.  The  stabilization  of  the  cations  in 
the  precursor  is  established  through  the  physical  entrapment  of  the  metal  ions  in 
the  network  of  the  dried  polymer  carrier. 

Pure,  single  phase  calcium  aluminate  (CaAl204),  yttrium  aluminate 
(Y3AI5O12)/  and  yttrium  phosphate  (YPO4)  powders  were  produced  while 
maintaining  a  ratio  of  4:1  of  positively  charged  valences  of  the  cations  (Me'^"'’)  to 

negatively  charged  hydroxyl  (-OH  )  groups.  The  ceramic  yield  of  the  new  method  is 
approximately  2,  being  the  weight  of  the  ceramic  powders  to  the  weight  of  the 
organics  used  in  the  preparation. 


Introduction 

Traditionally,  refractory  mixed  oxide  powders  are  produced  by  high 
temperature  solid  state  reactions.  However,  this  route  can  be  very  cost  ineffective 
and  often  leads  to  a  final  product  with  multiple,  unwanted  phases.  Mixed  oxide 
powders  thus  produced  have  low  surface  area  and  large  crystallite  sizek 

Various  chemical  methods  have  been  developed  for  the  synthesis  of  pure, 
single  phase  mixed  oxide  powders  with  controlled  powder  characteristics^-is.  Even 
some  of  these  chemical  routes  tend  to  result  in  other  phases  along  with  the  desired 
mixed  oxide.  One  of  the  more  successful  techniques  for  single  phase  mixed  oxide 


powders  is  the  so-called  Pechini  process2,  a  solution-polymerization  route^''^.  The 
basic  reactions  of  this  process  is  schematized  in  Fig.  1.  In  general,  the  process  relies 
on  the  ability  of  certain  organic  acids  (alpha  pyroxycarboxylic  acids  to  chelate  metal 
ions  (step  I  in  Fig.  1)840, ii,i9_  Then,  with  the  help  of  polyhydroxyl  alcohols,  the 
chelates  undergo  polyesterification  when  heated  (step  II  in  Fig.  1)^^.  The 
polyesterification  reactions  result  in  a  polymerized  resin  which  has  the  various 
cations  distributed  uniformly  in  stoichiometric  proportions.  The  polymerized  resin 
containing  the  chelated  cations,  is  the  pre-ceramic  powder  which  can  then  be 
calcined  to  obtain  the  mixed-oxide  powder.  Since  its  invention  in  the  1960's,  the 
Pechini  method  (and  slight  variations  thereof)  has  been  utilized  to  produce 
niobates,  titanates,  zirconates,  chromites,  ferrites,  manganites,  aluminates, 
cobaltites,  and  silicates2-44i,i8.  jhe  synthesis  of  various  calcium  aluminate  phases 
by  the  same  method  has  also  been  reported  earlier^^.  For  the  synthesis  of  yttrium 
aluminate  garnet  phase  (Y3AI5O12/  abbreviated  as  "YAG"),  small  amounts  of 
dopants  need  to  be  used  to  eliminate  discontinuous  grain  growth^^.  Other 
methods^^'^^  yield  the  yttrium  aluminate  perovskite  phase  (YAIO3)  and/ or  yttrium 

aluminate  monoclinic  phase  (Y4AI2O9,  abbreviated  as  "YAM"),  along  with  YAG. 

In  general,  it  is  assumed  that  chelation,  or  chemical  fixation  of  the  cation  by 
the  organic  molecule  is  a  pre-requisite  for  a  stable,  multi-cation  precursor. 

However,  in  the  calcium  aluminate  system,  our  previous  studies  on  Pechini 
precursors  with  very  high  metal  ion  to  polymer  end  group  ratios  have  shown  that 
the  precursors  were  able  to  support  a  higher  amount  of  cations  than  they  could 
chelate^.  Thus,  it  is  reasonable  to  suppose  that  other  mechanisms  of  cation 
stabilization  beside  chelation  are  operative  in  these  organo-metallic  precursors. 
However,  there  are  very  few  studies  on  the  chemical  synthesis  of  oxide  powders  via 
non-chelating  organic  precursors^o^i. 

In  order  to  explore  the  possibility  of  synthesizing  stable  precursors  from 
simpler  molecules  polyvinyl  alcohol  (-[CH2-CHOH]-n,  or  PVA)  and  polyethylene 

glycol  (H[0-CH2-CH2]-nOH,  PEG)  were  used  as  polymeric  carriers.  As  seen  in  Fig.  2 
(a),  PVA  has  only  hydroxyl  (-OH)  groups  attached  to  every  second  C  atom  in  the 
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carbon  backbone  of  a  long-chain  molecule.  In  PEG,  (Fig.  2  (b))  there  are  only  two 
functional  groups  (also  hydroxyl)  at  the  two  ends  of  the  polymer.  Thus,  neither  of 
the  organics  possesses  chemical  chelating  capabilities.  Here,  we  report  on  the 
synthesis  of  various  mbced  oxides  and  phosphates  using  a  relatively  simple,  long- 
chain  polymer  as  a  carrier  for  the  ceramic  precursor.  A  discussion  on  a  plausible 
mechanism  for  cation  stabilization  by  non-chelating  polymers  is  also  included. 

Experimental  procedure: 

Throughout  this  work,  nitrate  salts  (e.g.  Ca(N03)2*4H20  (Reagent  grade,  EM 
Sci.,  Gibbstown,  NJ),  A1(N03)3  •  9H2O  and  Y(N03)3  •  5H2O  (Reagent  grade  Aldrich 
Chem.  Co.,  Milwaukee,  WI))  were  used  as  cation  sources.  The  polymeric  precursor 
for  the  calcium  aluminate  was  prepared  by  mixing  stoichiometric  proportions  of  the 
nitrate  salts  into  a  5  wt%  aqueous  solution  of  PVA.  Solutions  were  prepared  from 
100  mol%  hydrolized  PVA  (MW  50000,  Aldrich  Chem.  Co.,  Milwaukee,  WI)  and 
several  types  of  78  mol%  hydrolyzed  PVA  with  different  degrees  of  polymerization 
(DP),  i.  e.  DP  1700  (KH-17s  Gohsenol,  from  Nippon  Gohsel  Co.,  Japan),  DP  580  (405- 
S,  from  Kuraray  Co.,  Japan )  and  DP  330  (403-S,  from  Kuraray  Co.,  Japan).  For 
yttrium  aluminates,  78  mol%  hydrolized  PVA  (kH-17s  Gohsenol,  DP  1700),  and 
nitrate  salts  of  the  metals  were  used.  100  mol%  hydrolized  PVA  solutions  were 
prepared  by  stirring  on  a  hot  plate  at  68°C.  78  mol%  hydrolized  PVA  solutions  were 
stirred  at  room  temperature.  Phosphoric  acid  (H3PO4,  EM  Science,  Gibbstown,  NJ) 

was  used  for  YPO4. 

The  amount  of  PVA  to  cation  salts  (i.e.  nitrates)  in  the  solution  was  adjusted 
in  such  a  way  that  there  were  4  times  more  positively  charged  valences  from  the 
cations  (Me”"^)  than  negatively  charged  functional  end  groups  of  the  organics  (in  the 
case  of  PVA,  -OH'  groups).  Thus,  it  was  assured  that  there  were  more  cations  in 
solution  than  the  hydroxyl  functional  groups  of  the  polymer  could  chemically  bond 
with.  To  illustrate  the  mechanism  of  stearic  entrapment  of  the  cations  in  the 
network  of  entangled  polymer  in  the  absence  of  functional  groups,  polyethylene 
glycol  (PEG)  was  used  as  the  polymeric  carrier.  The  concentration  of  the  cations  in 
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the  solution,  in  this  case,  was  adjusted  such  that  for  every  monomer,  there  were 
four  positively  charged  valences  in  solution.  The  precursor  solutions  were  then 
heated  on  a  hot  plate  until  the  water  of  solution  evaporated,  and  a  crisp,  light 
brown,  aerated  gel  formed.  This  gel  was  ground  with  an  agate  mortar  and  pestle 
after  which  it  was  calcined  in  air  at  various  temperatures. 

The  phase  formation  and  precursor  to  ceramic  powder  conversion  were 
studied  by  differential  thermal  and  thermogravimetric  analyses  pTA/TGA,  (Model 
STA  409,  Netzsch  GmbH,  Selb,  Germany)),  and  x-ray  powder  diffractometry  (XRD, 
pMax  Automated  Powder  diffractometer,  Rigaku/USA,  Danvers,  MA)).  Solid 
state  nuclear  magnetic  resonance  (NMR,  (home-built  spectrometer  based  on  a 
Nicolet  1280  data-acquisition  system))  and  Fourier  transform  infrared  (FTIR, 
(Nicolet))  spectrometries  were  used  to  gain  information  about  the  structure  and 
chemistry  of  precursors  as  well  as  amorphous  and  crystalline  powders.  Raman 
spectroscopy  of  YAG  powders  was  performed  using  a  micro-raman  spectrometer 
(Jobin  Yvon  T64000).  Surface  area  measurements  were  made  by  five-point  BET 
analysis  (Micromeritics  Model  ASAP  2400,  Micromeritics,  Norcross,  GA),  and  the 
particle  size  was  studied  using  a  LASER  absorption  spectrometer  (Micromeritics 
Sedigraph  Model  5000E,  Micromeritics,  Norcross,  GA).  Selected  powders  were 
examined  by  scanning  electron  (SEM,  (ISI  DS-130,  International  Scientific 
Instruments,  Santa  Clara,  CA))  and  transmission  electron  microscopy  (TEM,  (CM  12, 
Philips  Instruments,  Inc.,  Mahwah,  NJ)).  A  more  detailed  description  of  chemical 
synthesis  and  characterization  of  the  powders  has  been  reported  earlieri9.22. 


III.  Results 

During  precursor  processing  (<300°C),  no  precipitation  from  the  solution  was 
observed,  although  a  high  ratio  of  metal  ion  to  hydroxylic  end  groups  in  PVA 
containing  solutions,  or  ether  oxygen  in  the  case  of  PEG  containing  solutions  were 
used.  Stable,  crisp  precursor  powders  with  cations  in  the  desired  stoichiometric 
proportions  were  obtained. 

TG/DT  analysis  of  the  precursors  showed  that  most  of  the  organics  and  other 
volatiles  (Hp,  NO^  et  c.)  were  burnt  off  below  650°C  in  calcium  aluminate  system 


(Fig.  3  a),  and  below  900°C  in  yttrium  aluminate  system.  (Fig.  3  b).  The  strong 
endotherm  below  300°C  and  the  corresponding  weight  loss  indicated  evaporation  of 
water  from  the  precursors.  Complex  decomposition  reactions  of  the  organics 
occurred  between  300°C  and  800°C  in  several  steps.  A  slight,  additional  weight  loss 
(~2  wt%)  occurred  above  900°C  in  the  calcium  aluminate  and  yttrium  aluminate 
systems. 

Pure,  fine  and  amorphous  powders  were  obtained  at  temperatures  as  low  as 
650°C.  Corresponding  crystalline  powders,  i.e  CaAl204,  Y3AI5O12  or  YPO4,  were 
produced  when  precursors  were  calcined  at  900°C  for  about  an  hour  (Fig.  4  (a)  and 
(b)).  The  powders  thus  prepared  were  single  phase  and  pure  as  determined  by  XRD. 
Precursors  that  used  PEG  instead  of  PVA  as  their  polymeric  "carrier"  exhibited  a 
similar  behavior.  Crystalline,  single  phase  powders  in  desired  stoichiometries  were 
formed  at  900°C. 

FTIR  and  NMR  studies  of  the  powders  calcined  at  various  temperatures 
between  500°C  and  900°C  were  performed  in  order  to  gain  more  insight  into  the 
structure  and  composition  of  the  amorphous  powders,  and  to  characterize  the  gel- 
to-ceramic  conversion.  Fig.  5  shows  a  portion  of  a  typical  FTIR  spectrum  from  the 
powders  calcined  at  600°C  and  800°C  for  an  hour.  IR  study  revealed  absorption 
bands  at  1421  and  1493  cm'^  that  are  usually  associated  with  carbon-oxygen  stretching 
in  inorganic  carbonates.  A  Raman  spectrum  of  the  YAG  precursors  showed  a  band 
at  1051  cm'^  which  is  typical  of  carbonates. 

Along  with  the  precursor  gels  that  contained  the  cations,  a  "bare"  PVA  gel 
and  78  %  hydrolized  PVA  powders  were  studied  by  FTIR  and  NMR  spectroscopies 
before  calcination.  The  "bare"  PVA  gel  solution  had  been  subjected  to  the  same 
procedures  as  the  precursors  with  the  cations.  However,  it  did  not  had  the  cation 
salts  in  its  composition.  Fig.  6  shows  the  FTIR  spectra  from  pure  78%  hydrolyzed 
PVA  powders  (a),  a  "bare"  PVA  gel  (b),  and  a  YAG  precursor  (c).  PVA  powder  and 
the  gel  show  more  or  less  the  same  spectra.  Besides  the  bands  associated  with  CH2, 
CH3,  and  OH  groups,  the  bands  due  to  the  acetate  groups  are  observable  in  the 
spectra.  The  spectrum  from  YAG  precursors  appeared  rather  different  than  the  one 
from  the  "bare"  gel  (Fig.  6(c)).  The  major  discrepancies  occurred  in  regions  from 
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1000  to  1700  cm’’  and  2700  to  3700  cm'\  There  are  strong  shifts  in  the  bands 
associated  with  the  acetate  groups  (1600  to  1800  cm'^),  and  in  bands  corresponding  to 
hydroxyl  groups  (3000  to  3700  cm'^).  An  additional  peculiar  change  between  the 

spectra  was  the  disappearance  of  the  absorption  bands  due  to  CH2  and  CH3 

stretchings  at  2700  to  3000  cm‘^  (arrowed  in  Fig.  6  (c)). 

The  NMR  spectra  from  PVA  powders  and  YAG  precursors  before  calcination 
revealed  similar  differences.  The  spectrum  from  PVA  powders  showed  strong 
peaks  associated  with  methyl  (12.5  ppm)  and  methylene  (44  ppm)  carbons  along 
with  the  peak  for  the  carbonyl  carbon  at  170  ppm^^.  On  the  other  hand,  the 
spectrum  from  YAG  precursor  had  a  strong  peak  at  170  ppm,  a  broad  hump  between 
100  and  150  ppm,  and  a  small  peak  at  20  ppm.  Peaks  due  to  methylene  carbon  were 
very  weak. 

Fig.  7  presents  a  series  of  ^^Al-NMR  analyses  from  calcium  aluminate 
powders  calcined  at  temperatures  500  -900°C.  Three  distinct  peaks  at  10,  40  and  75 
ppm  were  detected  at  low  temperatures.  As  the  calcination  temperature  was  raised 
above  550‘’C  the  peak  at  40  ppm  disappeared.  Flowever  the  peak  at  10  ppm  was 
detected  up  to  700°C.  The  peak  at  75  ppm  progressively  became  sharper  with 
increasing  calcination  temperature  and  shifted  to  80  ppm  at  900'’C. 

When  calcined  at  low  temperatures  (i.e.  650  to  800°C),  the  powders  prepared 
via  this  new  method  had  a  BET  specific  surface  area  of  about  12  mV g.  Electron 
microscopic  studies  (SEM,  TEM)  of  the  powders  revealed  that  most  of  the  surface 
area  was  due  to  the  interconnected,  internal  porosity.  (Fig.  8  (a)  and  (b)).  The 
particles  were  agglomerates  of  smaller  primary  particles  approximately  50  to  100  nm 
in  size.  The  morphology  of  the  agglomerates  was  closely  related  to  the  chain  length 
of  the  polymeric  carrier,  i.e.  PVAi9,22^  Smaller  molecular  weight  PVA  resulted  in 
round  hollow  agglomerates,  whereas  longer  PVA  chains  yielded  star-shaped, 
dendritic  agglomerates. 


IV.  Discussion 


A  polymerized  organic-inorgarric  route  employing  simple,  long-chain 
polymers  as  the  carrier  organic  phase  is  a  viable,  inexpensive  technique  for 
producing  mixed  oxide  powders.  These  simple  polymer  chains  have  no  special 
chelating  end  groups,  in  contrast  to  the  alpha  pyroxycarboxylic  acids  of  the  so-called 
Pechini  precursor.  The  technique  has  a  ceramic  to  polymer  yield  of  close  to  or 
above  2.0,  being  the  weight  ratio  of  the  ceramic  powders  to  the  organics  used  in  the 
preparation,  as  compared  to  0.15  for  the  Pechini  method^^. 

Since  there  are  no  chelating  organics  in  the  solution,  the  choice  of  the  cation 
sources  becomes  critical  for  the  success  of  the  process,  especially  as  the  number  of 
cations  in  the  mixed  oxide  increases.  An  important  criterion  in  the  selection  of  the 
cation  sources  is  the  aqueous  solubility  of  the  appropriate  salts.  All  salts  used  in  this 
study  have  very  high  solubility  in  cold  water^^.  Nitrates  are  the  most  suitable, 
commercially  available  sources  of  cations  at  the  present  time.  Less  soluble  salts 
cause  phase  inhomogeneities  in  the  final  product  due  to  precipitation  during 
precursor  formation.  Nitrates  have  an  additional  advantage  of  being  strong 
oxidizing  agents,  and  thus,  facilitating  the  p5rrolysis  of  the  organics.  This,  in  turn, 
helps  in  reducing  the  amount  of  carbonates  formed.  The  formation  of  carbonates 
may  cause  disproportionation  of  the  cations  in  the  precursor,  and  hence,  may  lead 
to  unwanted  phases22.  In  the  cases  of  calcium  aluminate,  yttrium  aluminate  and 
yttrium  phosphate  no  precipitation  from  aqueous  solution  was  observed  during 
processing.  Hence,  no  disproportionation  of  the  cations  from  the  desired 
stoichiometry  was  expected.  As  the  x-ray  studies  showed,  firstly  uniform, 
amorphous  powders  were  obtained  at  low  temperatures.  As  the  temperature  was 
raised  to  above  900°C  crystalline  powders  of  the  corresponding  stoichiometries  were 
produced. 

FTIR  analyses  of  the  powders  calcined  at  lower  temperatures  (e.g.  at  600 °C  and 
SOO^C)  revealed  a  duplet  around  1400  to  1500  cm'L  This  is  the  wavenumber  region 
where  carbonates  usually  have  their  absorption  band.  However,  the  existence  of  a 
dublet  instead  of  a  single  band,  as  well  as  absence  of  any  crystalline  peak  in  the  x-ray 
spectra  were  indicative  of  amorphous  compounds.  The  Raman  studies  of  similar 
powders  detected  bands  associated  with  carbonates.  ^^Al  NMR  studies  conducted 
with  a  calcium  aluminate  precursor  calcined  at  lower  temperatures  showed  that  A1 


was  involved  in  more  than  one  type  of  configuration  in  these  powders.  The  peaks 
at  10,  40  and  75  ppm  could  be  assigned  to  six,  five  and  four-fold  coordination  of  the 
A1  atom,  respectively^^.  A1  is  in  four-old  coordination  in  Al-0  tetrahedra  of 
CaAl204  and  CaAl40727.  Thus,  the  existence  of  a  small  amount  of  sb<-fold 
coordinated  aluminum  along  with  the  FTIR  and  Raman  results  indicated  that 
powders  calcined  at  temperatures  lower  than  900‘’C  contained  amorphous 
carbonate-like  compounds.  The  amount  of  this  compound  decreased  as  the 
calcination  temperature  was  raised,  as  observed  in  the  weakening  of  the  absorption 
band  in  the  FTIR  spectra  (Fig.  5). 

Vibrational  spectroscopy  analyses  (FTIR  and  NMR)  of  "bare"  PVA  gel  and  the 
precursors  revealed  important  clues  with  respect  to  the  formation  of  a  stable 
precursor,  and  the  precursor-to-mixed  oxide  ceramic  conversion.  The 
disappearance  of  the  bands  due  to  CHj  and  CHj  stretchings  in  2700  to  3000  cm  ' 
region  and  the  corresponding  decrease  in  the  intensity  of  NMR  peaks  for  methyl 
and  methylene  carbon  were  probably  due  to  the  degradation  of  PVA  in  the  presence 
of  a  strong  oxidizing  agent,  i.e.  NO3'  .  The  shifts  in  the  absorption  bands  associated 
with  the  acetate  groups  (1600  to  1800  cm'^)  indicated  that  some  metal  ions  were 
chelated  by  the  carboxylic  end  groups  of  the  acetates  and  were  chemically  bound  in 
the  polymer  structure.  This  type  of  metal  ion  stabilization  mechanism  is  known  to 
operate  in  so-called  Pechini-resins^®.  There  were  only  a  small  amount  (35%)  of 
acetate  groups  in  78  %  hydrolized  PVA,  and  this  mechanism  alone  cannot 
accommodate  all  the  cations  in  precursor  solutions. 

A  second  strong  change  between  the  spectra  of  the  PVA  gel  and  the  ceramic 
precursor  was  associated  with  the  hydroxyl  groups  of  PVA.  The  OH  bands  (300  to 
3700  cm"')  were  skewed  towards  higher  wavenumbers  indicating  interactions  with 
the  metal  ions,  and  perhaps  a  stronger  ordering  in  the  precursors.  Thus,  some  of 
the  metal  ions  in  solution  were  tied  up  with  the  hydroxyl  groups  of  the  polymer. 
However,  as  stated  earlier,  there  were  more  e  cations  in  the  precursor  solutions 
than  there  were  functional  groups  (i.e.  hydroxyl  and  acetate  groups)  in  the  polymer. 
Since  no  precipitation  during  precursor  processing  was  observed  the  cations  had  to 
be  stabilized  in  the  structure  of  the  polymer  by  means  other  than  mere  chemical 
linking. 
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The  following  scheme  is  proposed  for  physical  entrapment  of  cations  in  the 
network  structure  of  polymers  with  no  chelating  end  groups: 

In  aqueous  solution  of  PVA  many  metal  can  be  stabilized  at  the  polymer  by 
the  interactions  with  the  hydroxyl  groups.  However,  there  are  still  cations  left  in 
solution  that  do  not  have  a  direct  link  to  hydroxyl  groups.  These  „floating"  metal 
ions  are  localized  around  the  polymer  by  the  bridging  action  of  the  water  molecules 
between  the  metal  ions  linked  to  the  hydroxyl  groups  and  the  free  floating  metal 
ions,  as  depicted  in  Fig.  9.  As  most  of  the  water  of  solution  is  evaporated  during 
precursor  processing,  the  polymer  chains  come  closer  to  each  other,  and  the 
viscosity  of  the  solution  increases.  The  free  space  between  the  polymer  molecules 
shrinks  and  chain  entanglement  causes  a  close  polymer.  At  this  stage,  the  mobility 
of  the  cations  is  greatly  reduced,  and  the  small  amount  of  water  left  in  the  precursor 
is  enough  to  keep  all  the  cations  in  the  entangled  polymer  network.  Hence,  there  is 
no  precipitation  to  cause  off-stoichiometry.  Thus,  stable  precursors  are  obtained. 

Experiments  with  polyethylene  glycol  as  the  polymeric  carrier  in  the  pre¬ 
ceramic  gels  confirmed  the  observations  made  with  the  PVA  based  precursors. 
Chemical  synthesis  of  mixed  oxide  powders  via  the  system  containing  PEG  as  the 
carrier  will  be  elaborated  upon  in  a  further  communication^^. 

The  results  of  this  study  indicate  that  the  metal  ions  in  the  organic  precursor 
can  be  physically  stabilized  within  an  entangled  polymer  network.  Thus,  "cation 
chelation"  by  the  carboxylic  end  groups,  as  in  the  Pechini  resin,  is  not  a  necessary 
route  to  stable  ceramic  precursors.  Previous  results  from  Pechini  precursors  with 
very  high  metal  ion  to  polymer  end  group  ratios  have  shown  that  the  resin  was  able 
to  support  a  higher  amount  of  cations  than  it  could  chelate^.  The  new  synthesis 
method  differs  from  solution  polymerization  techniques,  such  as  the  Pechini  process 
and  its  many  derivatives,  in  two  aspects:  (i)  The  organic  phase  is  a  long  chain,  and  so 
does  not  require  polyhydroxyl  alcohols  (such  as  ethylene  glycol)  to  promote 
polymerization,  ii)  The  polymer  does  not  have  a  chelating  functional  group. 
Therefore,  chelation,  which  is  regarded  as  a  prerequisite  in  the  Pechini  type  processes, 
is  not  the  main  operating  mechanism  for  a  stable  precursor  in  this  method.  In  this 
study,  the  precursor  had  a  ratio  of  4:1  of  positively  charged  valence  from  cations  to 
negatively  charged  functional  groups.  Despite  this  large  charge  imbalance,  no 


precipitation  from  solution  was  observed.  This  was  also  closely  related  to  the  very 
high  aqueous  solubility  of  the  nitrate  salts  of  calcium,  yttrium,  and  aluminum. 
Further  investigation  on  the  synthesis  of  various  calcium  silicates  is  underway  to 
study  mixed  oxide  systems  whose  precursor  salts  are  less  soluble  in  water  than  the 
ones  reported  here. 


V.  Conclusions 

A  polymerized  organic-inorganic  complex  route  was  successfully  employed 
to  synthesize  various  monophase,  fine  and  pure  mixed  oxide  powders.  The  new 
technique  uses  simple  long-chain  polymers  like  polyvinyl  alcohol  (-[CH2-CHOH]-n, 

PVA)  or  polyethylene  glycol  (H[0-CH2-CH2]-nOH,  PEG)  as  the  "organic  carrier"  for 
the  pre-ceramic  gel.  The  results  show  that  "metal  ion  chelation"  of  the  solution 
polymerization  method  is  not  the  only  mechanism  to  obtain  molecularly 
homogeneous,  stable  precursors  for  complex  mixed  oxide  powders.  The  cations  of 
the  mbced  oxide  are  stearically  entrapped  in  the  entangled  network  of  the  organic 
polymers.  An  important  criterion  for  the  selection  of  the  cation  sources  is  the 
aqueous  solubility  of  the  corresponding  metal  salts.  The  more  soluble  the  salts,  the 
higher  is  the  yield  of  the  new  process. 
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Polyvinyl  alcohol,  PVA 
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Polyethylene  glycol,  PEG 


Fig.  2.  Schematic  of  the  polyvinyl  alcohol  (PVA)  and  polyethylene 
0  glycol  (PEG)  molecules. 


Mass  % 


Exotlicrinic 


Fig.  (a).  X-ray  spectra  of  calcium  aluminate  powders  calcined  at  various 
temperatures. 
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(b)-  X-ray  spectra  for  YAG  powders  calcined  at  various  temperatures. 
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Fig.  5.  FTIR  spectra  of  calcium  aluminate  powders  calcines  at  two  different 
temperatures. 


Fig.  6.  FTIR  spectra  from  pure  78  mol%  hydrolyzed  PVA  powders  (a), 
"bare"  PVA  gel  (b),  and  YAG  precursor  (c). 


Fig.  7.  17  AX  NMR  spectra  of  calcium  aluminate  powders  calcined  at  temperatures 
between  500  and  900°C. 


Fig.  S  (a)  SEM  micrograph  of  YAG  powders  showing  high  amount  of  internal 
porosity  (courtesy  of  Dr.  J.  L.  Shull) 


Fig.  S  (b)  TEM  micrograph  of  YAG  powders  showing  a  porous  particle 
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:  i 

Abstract  | 

A  nano-size,  amoiptious-cype  cordierite  (2Mg0'2AI,0--5Si02)  powder  vyas  mace 
by  attrition  milling  a  calcined  precursor  wbich  was  preoared  by  a  solunon-polymerizatLori. 
route,  A  Pecfaini  resin  and  a  PVA  solution  were  used  in  the  solution-polyrderization 
process  as  the  organic  carriers.  In  case  of  the  cordierite  prepared  using  PVA  solution,  the 
maxhuum  densificaaon  was  achieved  mu<±.  earlier  than  in  the  case  of  the  Pechini  resin 
process.  The  densiScation  process  of  die  amorphous  ajtdierite  was  a  viscpus-fLow 
sinteriug  type  and  depended  on  the  amount  of  amorphous  silica.  The  deusificarion  was 
inhibited  by  the  crystallization  of  silica  in  both  cases  and  it  was  the  reason  for  die  coarse 
microstrucotre  of  the  sintered  cordierite.  Sintered  cordierite  did  not  show  the  presence  of 
any  amorphous  silica  phase  as  was  observed  in  the  case  of  the  soludon-polymerization 
route  employing  PVA  solution.  j 

The  cordierite  having  a  dense  microstructure  and  a  tiiermal  expansion  coefficient  of 
2.2  X  lO'^rC,  was  synthesized  from  nano-size  particles  prepared  by  actritioni  milling. 

Effective  aoiitiou  milling  was  possible  in  less  than  an  hour,  | 
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I.  Introduction  \ 

CordieritE  ceramics  have  intrinsic  low  thermal  expansion  coefficients,  Hislficnic 
constant  and  density,  coupled  with,  high  chemical  and  thermal  stability.  Therefore, 
cordierite  ceramics  are  expeaed  to  be  used  as  heat  exchangers  for  gas  turbine  lengines, 
industrial  furnaces  and  inresrated  circuit  substrates/^'^  However,  it  has  been  impdssibl^^ 

■  ■  M.I  P 

sinter  pure  cordierite  without  any  sintering  aid  because  of  the  narrow  sintering  range  near 
the  incongruent  melting  point  of  cordierite.''*’  Addition  of  sintering  aids  such  as;  K2O  or 
Ti02,  which  increased  the  density  from  less  than  50  %  to  98  of  theoretical,  resulted  in  a 
large  theimal  expansion,  an  increase  of  dieleccdc  constant  and  a  decrease  in  crystaliizatiou 
temperature.'^"’’  The  preparation  of  homogeneous  and  fine,  reactive  cordierite!  powder 
which  can  be  sintered  without  the  addition  of  impurity,  therefore,  is  considered  to  be 
indispensable.  I 

It  is  well  known  that  alkoxy-derived  gel  powders  are  very  fine  and  reactive.'® 
However,  in  multi-component  systems  such  as  cordierite  ceramics,  tiie  difference  in 
hydrolysis  rates  of  each  alkoxide  caused  inhomogenety  in  tiie  resultant  oxides.'^’  Yoldas'*" 
demonstrated  that  the  degree  of  hydrolysis  of  aikoxides  could  be  controlled  by  the 
hydrolysis  temperature,  types  of  catalyst  and  concentration  of  aikoxides  and  water. 
However,  it  has  been  difficult  to  determine  the  optimum  conditions  for  hydrolysis. 
Morever,  gel-derived  compacts  often  suffer  ttom  the  commencement  of  aystallization 
before  densification  is  completed,  leaving  large  pores  unxemoved-  In  the  case  of  silica- 
containing  gels,  it  is  very  difficult  to  remove  the  remaining  pores  after  the  onset  of 
crystallization.  This  is  because  the  densification  bv  aromic  diffiision  is  much  slower  than 

’’  i 

the  densification.  by  viscous  sintering  wMch  is  the  dominant  mechanism  for  densification 
before  crystallization.'*^’  Therefore,  it  is  important  chat  the  kinetics  of  viscous  sintering  are 
substantially  fester  than  those  of  crystallization,  to  obtain  dense  sintered  bodies,  j 

In  this  work,  the  preparation  of  fine,  reactive  and  homogeneous  cordierite  powders 
by  a  solution-polymerization  toute'*^  is  discussed,  and  the  sintering  behavior  jaf  these 
powders  is  studied.  The  solution-polymerization  route,  which  is  very  simple  and  low  cost, 
employed  the  Pechini  resin'*'*"*®  or  the  PVA  solution'*®  as  the  organic  carrier  of  ^the  pre- 
ceramic  powders.  The  Pechini  resin  consists  of  dtiic  acid,  as  the  chelating  agent,  and 
ethylene  glycol,  to  promote  polymerization  during  the  esterification  process.'*'*'*’’  A  rather 
simple-structured  and  inexpensive  pol3tmer,  PVA,  has  a  steric  entrapment  rdute  on 
polymerization.'*®  Both  cases  are  suggested  to  involve  the  formation  of  a  soft  and  bulky 
precursor.  The  purpose  of  this  study  was  to  obtain  a  fully  densified  and  high-purity  a- 
cordierite  ceramic  using  the  solution-polymerization  route.  In  addition,  to  1  achieve 
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densiScation  before  crystallizaiior^  powder  prepared  from  tiis  medbod  was  subjected  to 
anxitioa  before  sintering.  j 

I 

II.  Experimental  Procednre  ! 

(1)  Fowder  preparation  and  sintering  \ 

The  powders  were  synthesized  from  Mg(N03)2‘6H20  (reagent  grade,'  Aldrich 
Chemical  Co.,  Milwaukee,  Ai(N03)3'9H20  (reagent  grade,  Aldrich  Chemical  Co., 
Milwaukee,  WT)  and  Ludox  AS-40  Colloidal  silica  (40  wi%  suspension  in  water,  pu  Pont 
Chemicals,  Wnmingtou,  DE)-  For  each  precursor,  the  oirrate  salts  and  the  colloidal  silica 
were  dissolved  in  deionpad  water  in  stoichiometric  proportions.  -As  an  organic  carrier, 
eithe^ie  Pechini  resin  o^me  PVA  solutibn  was  added  to  the  mixture.  The  85  wr%  Pechini 
resin^^  winch  consisted  of  50  Tnol%  citric  acid  monohydrate  and  50  iiiol%  jethylene 
glycol,  was  used  m.  this  process.  The  PVA  solution  was  made  from  5  wr5&  PVA  (degree 
of  polymerizatioa-lTOO)  dissolved  in  water.  The  proportions  of  the  PVA  to  cation  sources 
in  the  solution  were  adjusted  in  such  a  way  that  there  were  4  nines  more  positively  charged 
valences  from  the  carious  than  the  negarively  charged  funcrionai  ends  of  the  organics.^ 
The  resulting  solutions  were  heated  and  stirred  until  a  crisp,  aerated  gel  was  form'ed.  The 
gel  was  finely  ground  and  calcined  in  an  air  at  750  “"C  for  Ih. 

To  produce  finer  particles,  the  calcined  pow-ders  were  subjected  to  atnitioh  milling 
ac  180  rpm  for  various  milling  rimes.  The  charge  included  lOg  calcined  powders  with  700g 
zhrconia  ball  media  (ball  diameter  :  Smm.).  Th*  jar  volume  was  600  ml  and  100  ml  iso¬ 
propyl  alcohol  was  used  as  a  soiveur  for  milling.  Eadi  of  Che  accriiion  milled  and  dried 
powders  were  uniaxiaEy  pressed  at  20  MPa  followed  by  iso-static  pressing  at  2^,000  psi 
for  10  min.  The  pellet-shaped  green  compacts  were  sintered  at  various  temperatures,  with 
Ih  soaking  time,  and  finally  the  furnace  was  cooled  down  co  room  tempeiamre,  ; 


(2)  Characterization  j 

The  parride  size  distribution  and  specific  surface  area  of  powders  were  studied 
using  an  X-ray  absorption  spectrometer  (Sedigraph  Model  5000ET,  Micromeritics)  and 
nitrogen  gas  absorption  (Model  ASAP  2400,  Micromerirics,  Norcross,  GA).  The  phase 
variation  of  the  precursors  for  coidierite  was  examined  as  a  function  of  temperature  using 
an  X-ray  spectrometer  (DMax  automated  powder  diffiactometer,  RigakuAJSA,  Danvers, 
MA)  operated  with  CuKcc  radiation  (40  kv  and  40  mA).  The  density  for  thei  sintered 
specimens  was  estimated  by  the  Archimedes  method  using  distilled  waierj  as  the 
displacement  liquid.  The  relative  density  was  calculated  using  the  density  of  the 
cordierite  (2512  g/cm^  as  the  theoretical  density.  The  linear  shrinkage  behkvior  of 
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compacted  amorphous  cordierite  as  a  foncdoti  of  temperature,  and  the  chennal  ejxpansion 
coefScient  of  the  sintered  specimens  were  determined  using  a  dilatometer  |{Nec25ch 
Dilatometer,  402E,  Germany)  with  a  heating  rate  of  10  "C/min.  The  morphology  of 
powders  and  tnicrostrucmre  of  sintered  bodies  were  studied  by  scanningi  electron 
microscopy,  SEM  (ISI DS-130,  Interaadonal  ScientiSc  Instraments,  Santa  Clara,  |CA)  and 
transmission  electron  microscopy,  TEM  (PhiKps  EM-420,  Philips  instnimetits,  Inc., 
Mahwah,  NJ)  equipped  with  energy  dispersive  spectroscopy,  EDS  (ED.AX  PV  9900, 
EDAX  International,  Inc.,  Prairie  View,  IL).  The  SEM  samples  were  prepared  by 
polishing  and  chemical  etching  in  20  %  HF  for  30  sec.  For  TEM  powder  specimensy  holey 
formvar  films  were  supported  on  copper  grids.  Some  powder  was  then  sprayed  ori  the  film 
and  carbon  coated.  The  TEM  specinien  for  sintered  cordierite  was  prepared  by  | standard 
ceramic  polishing,  dimpling  and  ion-mflling  techniques.  | 

j 

m.  Results  ! 

i 

(1)  Densification  behavior  and  phase  changes  | 

Both  precursors  were  very  soft  and  porous  and  easy  to  grind.  A  very  fine  powder 
was  obtained  only  by  hand  grinding  for  a  few  minutes.  Fig.  1  shows  a  particle  size 
distribution  and  SEM  micrographs  of  the  calcined  powders  derived  ftom  different  organic 
carriers.  The  powder  derived  ftom  the  Pechini  resin  had  a  narrow  panicle  size  distribution 
with  panicie  sizes  ranging  ftom  3  jim  to  50  um.  Most  of  the  particles  were  of  irregular 
shape  wth  sharp  comers  and  edges.  In  the  case  of  the  powder  derived  from  PVa  solution, 
thoush  the  powder  morphology  was  very  simQar  to  the  powder  prepared  withi  Pechini 
resin,  it  had  a  wider  particle  size  distribution  with  particle  sizes  rangjag  from  1  jui  to  100 
um.  j 

Fig.  2  shows  variation  of  phase  for  amorphous  cordierite,  derived  from  thei  Pechini 
resin,  as  a  functiou  of  heating  temperature.  Crystalline  spinel  phase  appeared  at  900  ’C  and 
persisted  tni  1250  ’C.  On  the  other  hand,  silica  remained  amoqjhous  up  to  1150  hc.  As 

temperature  further  increased  to  1200  “C,  amorphous  silica  crystallized  to  quartz,  a- 

1 

cordierite  started  to  form  at  1250  “C  by  the  solid-state  reaction  between  quartz,  crikobalite 
and  spinel-  The  a-cordierite  was  fonned  directly,  without  a  sequential  fonxiacion  of 

crystaUine  cordierite  (aniorphot2s-»»u-^a),  AH  phases  turned  to  a-cordierite  at  i3o0  ®C. 

1 

In  comparison,  the  X-ray  dif&accioa  of  amorphous  cordierite  derived  from 

PVa  solution  are  shown  in  Fig.  3.  The  precursor  remained  amorphous  at  900  '‘C. 
However,  in  contrast  to  the  Pechini  resin  process,  ^.-cordierite  appeared  with  crystaLLine 
spinel  at  1000  '’C-  The  iz-cordierite  was  detected  below  1200  “C  and  coexisted  with  a- 
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cordieiite  at  a  tempeiacure  ranging  from  1100  *C  to  1200  *C-  However,  as  the  ternperacure 
increased  to  1200  °C,  jA-cordierite  phase  disappeared  and  crystallized  to  a.-cordiente.  The 
onset  temperature  of  a-cordieiite  was  Lower  than  for  the  Pechini  resin  process.  jOnly  a- 
cordierite  remained  at  1300  ’C.  | 

Fig.  4  shows  the  linear  shrinkage  of  amorphous-type  cordierite  compacts  as  a 
function  of  temperature.  The  cordierite  compact  prepared  with  die  PVA  solution  ilensified 
rapidly  between  700  °C  and  1000  °C.  However,  the  densification  the  terhperature 

of  crystallization  of  p-cordierite.  At  temperatures  above  1200  “C,  the  powder! compact 
continued  to  swell  slightly.  On  the  other  hand,  the  densification  of  the  powder! compact 
prepared  with  the  Pechini  resin  occurred  continuously  until  a-cordierice  was  formed  at 
1250  °C  The  densification  was  not  affected  by  the  crystallization  of  spinel  phase.  These 
results  indicate  that  the  densification,  in  both  cases,  stops  ai  the  crystallization  i  point  of 
amorphous  silica-  The  powder  compact  derived  fiom  the  Pechini  resin  also  showed  a  littEe 
swelling  above  1300  "C.  j 

Fig.  5  shows  variation  of  bulk  density  for  cordierire  compacts  ar  different  sintering 
temperatures.  The  bulk  density  of  sintered  specimens  derived  from  PVA  solution  had  a 
maximum  value  at  1100  *C-  The  bulk  density  of  a-coirlierite  was  higher  than|  the  true 
density  in  the  temperature  range  fiom  1000  “C  to  1200  ’C,  because  u-cordierite  and  spinel 
phase  were  the  matrix  phases  of  the  sintered  body.  The  reduchon  in  density  above  1100 
*Q  which  is  related  to  the  swelling  in  die  shrinkage  curve  (Fig.  4),  can  be  ascribed  to  the 
formation  of  a-coedierite,  with  no  more  densification  occurring.  In  the  case  of  the|  powder 
compact  derived  fiom  Pechini  resin,  the  maximum  density  was  displayed  at  1250  “C  and 
then  the  reducaioa  in  density  occurred  due  to  the  formation  of  cr-cordieirte.  The  higher  bulk 
density,  than  the  true  density  of  a-cordierite  at  above  1100  *C,  is  attributed  to  the  spinel, 
quanz  and  cordieriie-^e  glass  phases  in  the  matrix.  Even  though  only  a-cordieirite  was 
detected  in  the  sintered  body  by  X-ray  diffiactiou  at  1350  °C  (Fig.  2),  that  the  density  was 
higher  than  true  density  of  cr-cordierite  indicated  that  the  cordierite-type  glass  phases  still 


remained  in  the  matrix  after  densification. 

Morever,  the  thermal  expansion  coefficient  (3.8  x  l0-®/*C)  of  the  sintered  specimen 
was  higher  than  that  of  pure  c-cordierite.  This  result  confinned  the  faa  that  the  Isintered 


body  did  not  consist  of  only  a-cordierite,  but  also  had  some  cordieiire-tv-pe  glassy]  phases. 
In  contrast,  the  dose  macdi  of  the  thermal  expansion  coefficient  (2.1  x  10^/*C)'V  of  the 
sintered  specimen,  prepared  with  PVA  solution,  with  that  of  a-cordierite  shows  jihar  the 
sintered  specimen  had  high  purity.  The  low'  thermal  expansion  coefficient  meant  that  most 
of  the  u-cordierite  and  the  other  phases  changed  into  a-cordierite  through  solid-state  atomic 


diffusion  above  1100  "C. 
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The  observed  deiisificatioii  behavior  reflecred  that  die  main  sinterins:  mechanism 

i 

was  by  viscous-flow  sintering  of  the  cbrdterite-type  glass  phases  in  both  cases.  In  the 
PVA  solution  process,  the  viscous-flow  sintering  stopped  at  the  cempexature  jat  which 
amorphous  silica.  ciystaUized  to  a-cordierire.  In  the  case  of  the  Fechini  resin  ■  process, 

I 

however,  the  densificadon  by  viscous-flow  lasted  longer  than  the  powder  I  compact 
prepared  with  PVA  solution  due  to  the  residual  cotdierite-type  glass.  This  is  the  reason  for 
the  enhanced  densification  observed  in  the  Pecfaini  resin  process.  I 

Tlie  scanning  electron  micrographs  of  sintered  cordierite  specimens  are  shown  in 
Fig-  6-  The  micrograph  of  the  sintered  specimen  derived  from  the  Pechini  resin  was  more 
dense  than  that  from  the  PVA  solution  process.  The  circuiar-tvpe  pores  confirVned  that 

«  i 

viscous-Qow  sintering  had  occurred.  On  the  other  hand,  the  sintered  specmieu  derived 
&om  PVA  solution  retained  some  large  pores  after  viscous  sintering.  This  was  bemuse  the 
amorphous  sflica  was  depleted  by  crystaJlizaiion  of  u-coidierite  before  full  viscous-flow 
sintering  occurred.  The  formation  of  jx-cordierite  at  around  1000  ’C  also  occurr^  in  the 

j 

sol-gel  powder  preparation  process.™  This  means  that  the  PVA  solution  process  is  a  more 
atomisticaliy  homogeneous  synthesis  method  in  comparison  with  the  Pecfaini  resin  I  process. 
Therefore,  the  sintered  cordierite  specimen  prepared  with  die  PVA  solution  iiari  a  high 
purity,  with  a  negligible  amorphous  silica  content.  However,  die  sintered  density  did  not 
reach  the  full  densiw  of  cordierite,  ff  enou^  densification  occurs  before  the  crystallizatioa 
of  tire  amorphous  silica  begins,  it  is  possible  to  prepare  dense  cordierite  ceramics.!  Hence, 
it  is  necessary  to  obtain  a  fine  and  reactive  powder,  which  can  enable  near  full  densification 
at  an  early  stage,  for  producing  a  high-density  cordierite  from  the  solution-polymjerization 


C2)  Densification  behavior  of  attrition  milled  powder  | 

The  calcined  powder  derived  from  PVA  solution  was  subjected  to  anricion 
to  prepare  fine  powder  for  achieving  full  densificanou  before  crystallization.  To  obtain 
sintered  cordierite  having  least  amount  of  amorphous  phase,  modificadon  of  die  PVA 
solution  process  was  important.  Fig-  7  shows  die  variation  of  linear  shrinkage  and  density 
of  compacted  amorphous  cordierite  as  a  fuaction  of  attrition  milling  time.  In  general,  the 
longer  the  attrition  milling  time,  the  larger  was  the  shrinkage  observed.  Nearly  29%  linear 
shrinkage  occurred  in  die  sample  sintered  at  930  °C  when  the  tnilling  was  done  fori  only  15 
min.  The  shrinkage  improved  remarkably  up  to  the  milling  time  of  60  min.  The  change  in 
shrinkage  with  increasing  millmg  time  was  insignificant  after  60  min.  A  large  shrinkage  of 
about  36%  was  observed  when  die  milling  was  done  for  60  min.  The  36%  shrinkage  was 
obtained  when  the  specimen  was  sintered  at  950  *C  which  is  the  temperature  before 
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crystallization  to  jx-cordierite.  The  density  of  the  specimens  sintered  at  950  '’C  higher 
than  the  true  density  for  ail  milling  times.  This  was  because  the  main  phases  of  the  matrix 
were  amorphous  silica  and  some  a-cordierite.  In  the  case  of  the  specimen  sintered  at  1300 
'’C,  the  shrinkage  for  the  same  rnilling  time  was  a  Kttle  lower  than  that  of  the  specimens 
sintered  at  950  because  of  the  formation  of  a-cordierite  with  no  mors  viscous-flow 
sintering.  Accordingly  the  density  also  decreased  due  ro  the  open  smicrure  caused  by 
formation  of  a-cordierite.  The  measured  thermal  expansion  coefficient  of  the  specimen, 
.  attrition  milled  for  60  mm  and  sintered  at  1300  ‘’C,  was  2,2  x  lO’^rc,  Both  the  density 
}mA  and  the  thermal  expansion  coeScient  of  this  specimen  were  quite. close  ,  to  those  of  pure  a> 

cordierite,^  Fig.  8  shows  a  tiansmissi^  electron  micrograph  of  the  amorphous  cordierite 
powder  attrition  milled  for  60  min.  The  powder  consisted  of  very  fine  primary  particles, 
30  nm  in  size,  and  had  a  BET  specific  surface  area  of  ISl  m^/g.  These  results  were  almost 
similar  to  the  nano  size  particles  prepared  by  the  sol-gel  process,^®*^^^  EDS  microanalysis 
(Fig.  8)  showed  that  the  attrition  milled  and  calcined  powder  retained  a  stoichiometric 
composition  of  cordierire  and  only  0.01  wt%  impurity  was  added  during  fhej  attrition 
milling.  In  addition,  the  average  composition  calculated  from  3  data  points  by  EDS 
analysis  shows  that  the  powder  had  a  uniform  spatial  distribution  of  constituenr  phase  on  a 
nano-size  scale.  The  micrographs  of  the  polished  and  chemically  etched  surfec^  of  the 
spedmens,  attrition  milled  for  two  different  times  and  sintered  at  1300  *C,  are  shown  in 
Fig.  9(a),  (b)-  The  both  microstructures  were  much  more  dense  tiian  that  of  an  unartrition- 
mflled  specimen  shown  in  Fig,  6(b),  In  case  of  the  specimen  attrition  milled  forj60  min, 
the  pore  size  was  smaller  tihan  the  specimen  attrition  milled  for  240  min.  Fig,  10  shows 
TEM  brighr-field  internal  texrore  and  corresponding  SAD  panem  of  the  specimen.:  aeration 
milled  for  60  min.  The  cordierite  crystallite,  approximately  0,8  ixm  in  diameter,  was 
observed  and  the  SAD  pattern  showed  reflections  from  crystalline  a-cortiierits  called 
indialite  (stable  hexagonal  form)  without  any  amorphous  ring  pattern,  ! 

I 

IV.  Discussion  j 

The  mechanism  of  sintering  of  the  amorphous  cordieriis  powders  prepared  by 
5Qlution.poiymenza!ioa  route  consists  of  viscous-flow  and  subsequent  crystallization  with 
coalescence.  In  the  case  of  the  Pechini  resrti  process,  the  sintering  process  was  observed 
until  the  Snal  stage.  Free  silica  canons  were  produced  during  the  process  and  resulted  in 
amorphous  silica  phase  in  the  matrix.  Tie  chelation  of  the  dissoived  metal  ions  by  the 
carboxylic  acid  end  of  the  citric  acid  was  incomplete  in  the  pechini  resin  process.  The 
chelating  action  is  suggested  to  be  responsible  for  the  formation  of  a  stable,  aton^ncally 
homogeneous,  pre-ceramic  organometallic.  However,  the  stabilization  of  the  metal  ions  in 
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the  organics  was  not  enough  in  the  multi-component  system  when  the  Pechiai  resin  was 
used.  ’  I 


In  the  case  of  PVA  solution  method,  she  polymer  only  had  hydroxyl  ^ctional 
groups  and  steric  entrapment  of  the  metal  ions  was  achieved  by  using  these  large  chain 
molecules.  The  ciystallization  of  u-cordierite  from  amorphous  silica  at  an  early  stage  of 

sintering  and  depletion  of  amorphous  silica  after  sintering  are  a  result  of  tWs  steric 

J 

entrapment  of  the  metal  cations-  Hence  a  chemically  homogeneous  structure,  at  the 
molecular-scale  level,  was  possible.  | 


Tae  nano-size  powder  prepared  by  mechanical  attrition  milling,  with  wetj  grindiEig 
condition,  was  very  effective  in  improving  densificadon.  It  enabled  these  particles,  with  30 
nm  size,  to  attain  nearly  full  densiiicanon  by  viscous-Sow  sintering.  Though  increased 
shrinkage  resulted  on  attrition  milling  for  longer  tunes,  the  longer  milling  time  increased  the 
contaminadon  due  to  media  wear.  Therefore,  it  is  desirable  to  optimize  the  miUhig  dme  to 
reach  near  full  densificadon  with  least  possible  contamination.  In  the  viscous-flow 
sinteringof  the  nano-size  particles,  some  spheticai-tjrpe  pores  remained  in  the  matrix  which 
is  typical  of  glass  powder  sintering  (Fig.  6,  9).  On  the  other  hand,  the  sinterea  density 
using  the  nano-size  particies  did  not  increase  even  though  the  shrinkage  incre^ed  with 
milling  times  of  more  than  60  min  (Fig.  7(b)).  This  is  caused  by  increase  in  sffe  of  the 
residual  pores  in  the  sintered  body.  The  larger  pores  may  be  due  to  parade  agglomeration 
during  viscous  sintering,  and  then  coalescence  of  cordierite  grains  after  th^  viscous 
sintering  stopped  with  no  further  shrinkage.  The  driving  force  for  paitide  agglomeration 
and  coalescence  of  grains  increased  witii  the  increase  in  surface  area  of  the  powder. 


V.  Conclusions  i 

I 

A  dense  and  pure  cc-cordierite  was  obtained  from  nano-size  powder  by  [applying 
attrition  milling  to  the  calcined  powder  prepared  by  a  solution-polymerization  route 
employing  aqueous  PVA  solution.  The  solution-polymerization  process  was  a  simple  and 
inexpensive  technique  for  produciug  miilti-compoueut  systems.  Such  as  a  cordierite,  on  a 
molecular-scale  leveL  The  nauo-size  amorphous-type  cordierite  powder  attrition  rpiiled  for 
60  min  had  a  BET  spedfic  surface  area  of  181  m-/g  and  stoichiometric  tordierite 
composition.  The  powder  was  deusified  fiiUy  before  the  onset  of  crystallization  to  jx- 
cordierite  at  950  “C-  The  attrition  milling  was  very  effective  on  the  soft  andj  porous, 
amorphous-type,  cordierite  powder.  j 
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Figure  Captions 


Fig.  1.  Effect  of  organic  carriers  on  the  particle  size  distribatipn  of  die  calcined  powders. 

SEM  micrographs  showing  the  effect  of  the  organic  carriers  in  the  precursors  on  the 
particle  size  disrribudon  of  the  calcined  powders  derived  from  (a)  Pechini  r^in  and 
(b)  PVA  sohitiorL  ! 

Fig.  2-  X-ray  diffracdon  spectra  of  amorphous  cordzerite  derived  from  F echini  resin  at 
various  heating  temp^ature  (holding  time  at  each  temp.  :  Ih).  j 

Fig.  3.  X^ray  diffraction  of  aiTLorphoiis  cordierize  derived  from  PVA.  solution  at 

various  heating  temperature  (holding  time  ax  each  temp.  :  Ih).  i 

Fig-  4.  Linear  shrinkage  of  compacted  amorphous  cordierite  prepared  widi  Pechini  resin 
and  PVA  solution  as  a  function  of  sintering  temperature-  j 

Fig.  5.  Bulk  density  of  the  amorphous-type  cordzerite  powder  contacts  sintered  ar^vartous 
temperatures  for  Ih.  Thermal  expansion  coefficient  of  the  specimens  sintered  at 

1300  for  Ih.  I 

Fig.  6.  SEM  photographs  of  polished  surface  of  sintered  cordzerite  specimens  derived  from 

(a)  Pechird  resin  and  (b)  PVA  solution  sintered  ax 1300  “C  for  ik  j 

(etching  condition :  20  %  hydrofrioric  acid  for  30  sec). 

Fig-  7-  Linear  skTdnkage  and  density  of  compacted  amorphous  cordiertte  sintered 

at  (a)  950  “C  and  (b)  1300  "Cforlh,  derived  form  PVA  solution  (fftervaripus 
attrition  milling  times.  j 

Fig.  S.  TEJVf  micrograph  and  EES  spectrum  of  the  amorphous  cordzerite  powder^  j 
which  is  derived  from  PVA  sohuzon  and  attritiOTi  nulled  for  60  min.  j 

Fig.  9.  SE^  micrographs  of  the  cordzerite  specxrttens  attritzon  mzUed  for  (a)  60  min^ 

(b)  240  min  and  sintered  at  1300  /"C  for  Ifu  j 

Fig.  10-  TEM  brigh-field  image  with  corresponding  SAD  partem  of  die  specimen  attrition 
milled  for  60  min  and  sintered  at 1300  “C  for  llu  | 
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Figure  10 
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Viscosities  are  sufficient  for  fiber  pulling  operations.  This  paper  presents  our  initial 
myestigations  on  the  recrystallization  and  structure  of  mullite  and  YAG  glass  fibers, 
m  the  course  of  work  to  develop  the  fibers  for  high  temperature  structural 
implications. 
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PELA  has  been  successfully  applied  to  deposit  high  Tc  superconductor  film  [3, 4]. 

Recently,  PELA  was  used  to  deposit  graphite,  SiC  and  MgSiO,  on  SiC  and 
sapphire  fibers  [1]  to  show  a  uniform  and  dense  coating.  Potentially,  PELA  can  be 
used  as  a  large  scale  continuous  coating  technique. 
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inside  TiO;,  layer  seemed  not  so  good  as  the  inside  TiO,*  AUO,  layer.  This  layer 
was  still  quite  dense.  However,  obvious  radiated  microcracks  were  observed.  The 
surface  of  the  layer  appeared  like  periodic  hills.  The  period  corresponded  to  the 
distance  between  cracks. 
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MgSiOj,  as  shown  by  peaks  of  Mg,  Si  and  Ti  in  Figs.  4  (c)  and  (f).  The  result  w 
caused  by  mixing  up  TiOj  and  MgSiO,  during  hot  pressing. 

Figs.  4  (d)  and  (e)  show  dark  and  bright  regions  respectively  in  the  MgSi( 
layer.  In  the  bright  region,  both  Mg  and  Si  peaks  revealed  a  MgSiO,  composition 


shown  in  Fig.  4  (e).  However,  in  the  dark  region  nearby,  only  a  Si  peak  appeared 
in  Fig.  4  (d)  indicating  MgSi03  decomposition  to  Si02  during  heat  treatment. 
Although  some  SiOj  was  observed,  the  amount  of  glassy  phase  was  very  small. 
However,  the  glassy  phase  could  increase  on  annealing.  Tliis  is  considered  to 
'  contribute  to  inlerphase  weakening  during  annealing. 
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